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SECTION 1

PURPOSE

The purpose of these investigations is to perform research on the basic
components of an electrolyte-soluble carbonaceous fuel - air fuel cell. The major
emphasis of the program is on the simultaneous development of all components in
order to optimize the performance of the entire cell and to take into account inter-
actions between components.

The program is a continuation of the work carried out under contract
DA-36-039 SC-89156. The work is aimed toward the development of a practical fuel
cell using a partially oxidized hydrocarbon as the fuel and air as the oxidant.

The fuel must be capable of reacting completely to COz, be reasonably available, and
pose no unusual corrosion, toxicity, or handling problems. 1In addition the cell must
use a CO, rejecting electrolyte and operate at temperatures and pressures below

152°¢ anﬁ 5 atm. Other objectives include high electrical output per unit weight

and volume, high efficiency, long life, high reliability, reasonable cost, and
ruggedness.

The program is divided into three parts. These are referred to as Tasks
A, B, and C in this report. Tasks A and B are, respectively, the development of
improved fuel electrodes, and the deve lopment of practical air electrodes. Task C
includes work carried out on establishing the basic cell design, especially with
regard to the operation of all components in a single cell and in multi-cell systems.
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SECTION 2

ABSTRACT

\

\

Research on the soluble carbonaceous fuel-air cell has continued to con-
centrate on improving the performance of individual cell components and on trans-
lating these results into compatible electrode—electrolyte systems. These efforts
encompass work carried out in three areas; namely, the development of the fuel
electrode, the development of the air electrode, and their combination into a total

cell'*&?"
2.1 Task A, Fuel Electrode

A number of new catalysts were prepared by the NaBH4 reduction of mixed
salt solutions. The compensating effect of the kinetic parameters, Tafel slope
and exchange current, upon each other generally acted to restrict the activity of
these catalysts to a narrow range. However, several exceptions in the form of more
active catalysts were found. In addition, one of these was less expensive than Pt,
due to the incorporation of a large amount of gold. As yet, though, none of these
new systems are as active as the P-type catalyst. Variations in their methods of
preparation did not improve their performances.

The P-type catalyst continued to show superior performance. Further
improvements were not made by alterations in composition or preparation methods.
The initial activity was dependent on the storage conditions of the catalyst,but
life tests of up to 1000 hours showed very stable long term performance. Studies
of performance variables showed that there is an activation energy of about 10
kcal/mole for this systcm and that a dependence on fuel concentration exists up to a
relatively low threshold value, beyond which it is insensitive to the amount of
fuel. Oxygen, even when saturating the electrolyte, causes only a very small per-
formance loss. Nitric acid, however, increased the polarization by as much as 200
mv.

A surface redox system, based upon the addition of a solublc rhenium salt
to thc electrolyte, was found to significantly improve the performance of a Pt
black clectrode. Mechanism studies showed this system to be analogous to, although
more active than, the Pt-Mo03-fuel redox system.

2.2 Task B, Air Electrode

A new C-type electrode structure was tested with the HNO3 redox couple
and found to improve upon the performance obtained from Pt screen electrodes by
as much as 70 mv. Studies on direct 0 electrodes were carried out using mixtures
of Pt black and Teflon as the catalyst. When applied to Pt screen supports these
mixtures gave high activity. They were found to be sensitive to the amount of
Teflon present, as well as the HyS04 concentration, but were independent of the
flow rate of 0y beyond about twice the stoichiometric valuc. In other work, the
incorporation of different mctals into Pt was found to alter its properties as an
0y catalyst, but no significant improvements were obtained.

2.3 Task C, The Total Cell

An improved compact Teflon cell has been developed and used to test both
half-cell and complete cell performance. A Pt fuel electrode was operated for over



1000 hours, increasing only slightly in polarization over this time. Furthermore,
a fuel electrode chamber as small as 25 mils thick could be used without impairing
fuel electrode performance. When assembled as a complete CH30H-HNO3-air fuel cell,
efficient, compatible operation was demonstrated in a 131 hour test. Methanol

and HNO3 losses could be minimized by operating with either low electrolyte circu-
lation rates or at high current densities. Further improvements in performance
were obtained using the C-type electrode structure as the cathode.

Other complete cell experiments were run to evaluate the compatability
of the P-type fuel and direct 0 electrodes. These showed that the F-type cata-
lyst is able to operate at its expected level in such a system and that the opera-
tion of two cells with a common air chamber is feasible. Mathematical analysis of
the heat and water transport in a total cell indicated that maintenance of the
proper water balance should be possible by removing more water in the air stream
than is produced and using the electrolyte level to control the return of water.
The analysis also indicated that cell temperature and the rate of water removal
will both be relatively insensitive to current density and would decrease inversely
with air rate and cell voltage.

An electronic analyzer for CH30H has been developed for laboratory and
eventual fuel cell use. It is compact and consumes little power.

A number of plastics have been investigated for use as construction
materials. Polypropylene has looked particularly interesting showing chemical
and physical stability under the conditions of cell operation.



SECTION 3

PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES

3.1 Lectures

Heath, C. E. - Methanol-Air Fuel Cell, 17th Annual Power Sources Conference,
Atlantic City, New Jersey, May 21, 1963,

3.2 Conferences

February 21, 1963 - Esso Research Center, Linden, New Jersey.

Organizations Represented: Esso Research and Engineering Company
United States Army Electronics Research and
Development Laboratory
Mr. C. Daniel, Technical Consultant to USAELRDL

The meeting was held to review the research program with particular
emphasis on experimental design. It was concluded that consideration be given
to further exploring the use of various techniques of designing experiments in
our catalyst development program.

March 26, 1963 - Princeton University, Princeton, New Jersey.

Organizations Represented: Prof. John Tukey, Consultant to Esso Research
and Engineering Company
Esso Research and Engineering Company

The meeting was held to further discuss the use of statistics in the
catalyst development program. It was decided that increased random replication
and the use of chained blocks be incorporated into the program.

April 11, 1963 - Esso Research and Engineering Company, Linden, New Jersey.
Organizations Represented: Esso Research and Engineering Company
United States Army Electronics Research and

Deve lopment Laboratory

The purpose of the meeting was to brief Dr. H. Hunger, official represent-
ative of the contracting officer, on our progress and future plans.

April 30, 1963 - Esso Research and Engineering Company.
Organizations Represented: Esso Research and Engineering Company
General Motors Corporation, Research Laboratory-

Defense Systems Division

The meeting was held at the request of GM to discuss the possibility of
using a methanol fuel cell battery in vehicular propulsion.



3.3 Reports

This report is written in conformance with the detailed reporting
requirements as presented in the Signal Corps Technical Requirement on Technical
Reports (SCL-2101N, 14 July 1961) under the terms of our contact; these require-

ments differ from the usual requirements for reports issued within Esso Research
and Engineering Company.

-



SECTION &

FACTUAL DATA

4.1 Task A, Fuel Electrode

Work has continued on the development of combinations of noble metals
with other noble or base metals in an effort to enhance catalytic activity without
sacrificing acid stability. Further investigations have been made on the recently
developed P-type and modified P-type catalysts. These have continued to show out-
standing performance. Particular emphasis has been placed on preparation and
performance variables and their effect on catalyst activity and stability. Finally,
performance and mechanism studies have been made with a new active homogeneous
catalyst system.

Phase 1 - Performance And
Preparation Of New Catalysts

The study of catalysts prepared by the reduction of mixed salt solutions
of noble metals with other noble or with base metals, reported previously (1,2), has
continued. In addition to the preparation of new catalysts, tests have been
carried out to determine if more active catalysts can be prepared by using reducing
agents other than NaBHg4, or by using NaBH4 in various solutions. Other variables in
the catalyst and electrode preparation procedures have also been investigated in
the search for higher performance catalysts.

Part a - Performance Of NaBH,,
Reduced Catalysts !

A number of new catalyst systems were prepared by the NaBH, reduction of
mixed salt solutions. Combinations of Pt with Ag, U, Cr, Zn, Sn and Ru were tested,
as well as Au with Fe and Re, Re with Ru, with Zn, and with Sn, and finally Ir with
Ni. 1In addition,a mixture of Pt black and Teflon powder was tried, as was a ternary
Pt-Au-Fe catalyst. The reduction technique as well as the manufacture of pressed
electrodes for testing purposes have been described previously (1, 2).

The new catalysts fell into three categories when tested in 3.7 M H9804
and 1 M CH30H. Those with no activity were Pt-Ag, Au-Fe, Au-Re, and Re with Ru, Sn
and Zn. A number of the binary catalysts were approximately as active as Pt black.
These were Pt with U, Cr, Zn and Sn, and Ir with Ni. As shown in Table A-1, they
all exhibited higher exchange currents and Tafel slopes than the pure noble metals.
Earlier results obtained with Pt and with Ir are included for comparison. This
effect of combining noble and base metals to produce catalysts of similar activi-
ties to the pure noble metals but of different kinetic parameters has been
described previously (2).



Table A-1 [

Performance Of NaBH, Reduced Noble-Base Metal Catalysts

Polarization* at Indicated

ma/cm? Kinetic Parameters
Catalyst 1 10 50 b -Log Io

Pt 0.52 0.56 0.60 0.049 10.6
Pt-U 0.52 0.58 0.62 0.062 8.3
Pt-Cr 0.53 0.60 0.64 0.069 7.7
Pt-Zn 0.47 0.53 0.57 0.058 8.7
Pt-Sn 0.49 0.57 0.63 0.084 5.8
Ir 0.53 0.58 0.62 0.053 9.9
Ir-Ni 0.55 0.62 0.66 0.070 7.9

Several catalysts showed better performances than Pt. These included
Pt-Ru alloys, a Pt-Ru-Fe alloy, a mixture of Pt and Teflon powders, and a Pt-Au-Fe
alloy. The Pt-Ru and Pt-Ru-Fe catalysts were tested at 60°C and 10 ma/cm? in 3.7 M
H2S04 and 1 M CH30H and also at 90°C and 50 ma/cm? in 1 M H2S504 and 0.5 M CH30H.
Under both conditions the Pt-Ru catalysts averaged about 70 or 80 mv better than Pt,
although displaying a slight dependence on Ru concentration. Alloy formation was
necessary for improved activity, as shown by the performance of a Pt+Ru physical
mixture which was only as good as pure Pt. The best performance was shown by a
Pt-Ru-Fe combination, which was 160 mv less polarized than Pt at 60°C and 120 mv
less at 90°C. The Pt-Teflon catalyst, tested at 52°C, was 70 mv better than pure
Pt at 60°C. The Pt-Au-Fe sample was also 70 mv better than Pt at its test tem-
perature of 60°C. Table A-2 presents more complete performance data, with pure
Pt results included for comparison. Details of preparation and composition of all
catalysts discussed in Part a are given in Appendix A-1.

% Polarization, unless otherwise noted, is defined here and else-
where as the difference between observed voltage as measured by
a calomel reference electrode and the voltage of a reversible
electrode operating with the same reactant, temperature, pressure,
and electrolyte. It is not the difference between observed and
open circuit or standard reference electrode voltages. However,
no attempt has been made to correct the voltage measurements for
liquid junction and thermal potentials, the magnitude of which
may be significant at elevated temperatures, about 50 to 100 mv.



Table A-2

Performance Of Highly Active NaBH; Reduced Catalysts

Current

Density, Polarization,
Catalyst T°C ma/ cm? Volts
Pt 60 10 0.56
Pt 90 50 0.49
Pt-Ru 60 10 0.49%
Pt-Ru 90 50 0.41%
Pt-Ru-Fe 60 10 0.40
Pt-Ru-Fe 90 50 0.37
Pt-Teflon 52 50 0.53
Pt-Au-Fe 60 10 0.49
P-Type 60 10 0.35%

* Average of all electrodes tested.

Part b - Effect Of Various Reducing
Solutions On Catalyst Performance

Continuing the study initiated during the last reporting period of
reducing systems other than simple aqueous NaBHy solutions, several catalyst types
were prepared in various nonaqueous solutions using NaBH4, LiBH4 or an L-type
proprietary reducing agent. The catalysts tested were Pt, Pt-Au, Pt-Fe, and Pt-Au-Fe,
while the organic solvents were CH30H, heptane, ethyl ether, or diglyme. 1In addi-
tion, several preparations were made in the ordinary way with NaBH, in aqueous
solution and also with NaBH4 in acetate and phthalate buffered aqueous solutions.
Performance tests were run under the standard conditions of 3.7 M HpSO4 and 1 M
CH40H at 60°C using the pressed electrode structure.

Although their reducing solutions varied widely, the four Pt samples
tested differed little from each other in activity. The only difference observed
was a slightly larger Tafel slope and exchange eurrent for Pt teduced with the
L-type reducing Bystem. A Pt-Au catalyst, made in scetate bufferod NaBHy solution,
had an activity similar to earlier Pt-Au electrodes, although it did exhibit a4 some-
what larger Tafel slope and exchange current than previously observed with Pt-Au.
The only significant activity varfations were found in the Pe-Fe system, where
reduction with NabHy in ethyl ether produced a very poor catalyst, while NaBHy in
CH30H and especially LiBHy in diglyme gave rather active catalvsts. In addition,
the kinetic parameters of these three samples were not gimilar. The final gvstem
examined, Pt-Au-Fe, was not affected by changes' in the redueing solutions. Table
A-3 summarizes these results while complete details are found in Appendix A-2.



Table A-3

Performance Of Catalysts Reduced In Various Solutions

Polarization, Volts, Kinetic

Reducing at_Indicated ma/cm? Parameters
Catalyst Agent Solvent 1 10 100 b -Log Ig
Pt NaBHy, H20 0.49 0.53 0.59 0.05 9.3
Pt NaBH, H2O0tAcetate 0.45 0.51 0.57 0.05 9.4
Pt NaBHy, CH30H 0.46 0.52 0.61 0.05 9.3
Pt L-Type Heptane 0.46 0.52 0.58 0.06 7.3
Pt-Au NaBH, H20+Acetate 0.43 0.50 0.58 0.07 5.6
Pt-Fe NaBHy, CH30H 0.38 0.48 0.62 0.10 3.8
Pt-Fe NaBH, Ethyl Ether 0.42 0.56 0.64 0.14 3.0
Pt-Fe LiBH, Diglyme 0.41 0.48 0.55 0.07 5.9
Pt-Au-Fe NaBH,, H20 0.45 0.52 0.59 0.07 6.7
Pt-Au-Fe NaBH, H20+Acetate 0.42 0.50 0.57 0.08 5.2
Pt-Au-Fe NaBH4 HyO+Phthalate 0.44 0.51 0.59 0.07 6.3

Part ¢ - Other Reducing Agents

Magnesium was tested as a reducing agent by adding the powdered metal to
a number of aqueous salt solutions of other metals. Platinum and Au were reduced
to the metallic state, but V, Re and Mo only formed oxides. 1In all cases, even
with Pt and Au, the reactions were much slower than when NaBH4 was the reducing
agent.

Part d - Effect Of Preparation
Variables On Performance

In addition to the study of reducing agents, other variables in the NaBH,
preparation of catalysts were investigated. These were temperature, reactant con-
centrations, stirring, exposure to the atmosphere and finally the use of small
amounts of additives. All reductions were carried out with aqueous acetate buffered
solutions or, in the case of the additive studies, in CH30H.

It was found that preparation of the Pt-Au-Fe catalyst at 0, 30, 60 and
90°C produced no meaningful change in activity and only a small trend in kinetic
parameters, with the highest temperature sample showing the largest Tafel slope
and exchange current. Other tests with pure Pt reduced from solutions of H2PtClg
ranging from 0.001 to 0.066 M and with NaBH4 solutions of 0.005 to 1.0 M showed no
effect upon catalyst performance. There was also no effect when the reaction mix-
tures were vigorously stirred or when the reaction solutions were blanketed with
argon or with 02.

A distinct alteration in catalyst behavior was observed only when 2 wt %
methylene blue was added to the CH30H reduction solution for a Pt-Fe sample. As
shown in Table A-4, a large decrease in Tafel slope and exchange current was shown
by this sample, compared to those prepated in the presence of lead acetate or with
no additive present. As has been the case so often however, a compensation effect
prevents these deviations in kinetic parameters from appearing also as variations
in activity (1,2). These results are detailed in Appendix A-2.

10



Table A-4

Effect Of Additives On Pt-Fe Performance

Pt-10 atom % Fe 3.7 M H2S04 - 1 M CH30H 60°C
Polarization at Kinetic
Indicated ma/cm? Parameters
Additive 1 10 100 b -Log Io
None 0.38 0.48 0.62 0.10 3.8
1 wt % lead acetate 0.36 0.47 0.57 0.10 4.0
2 wt % methylene blue 0.44 0.50 0.59 0.06 7.6

Part e - Variables In Pressed
Electrode Manufacture

Normally, pressed electrodes are made by the application of 2000 psi
pressure to a catalyst slurry spread on a sandwich electrode structure (2). A
number of electrodes were prepared at pressures of from 500 to 5000 psi however,
to test the effect of this parameter on electrode performance. Several electrodes
were also made at -78°C rather than room temperature, which is normally used. In
addition, the effect of an argon blanket excluding atmospheric 02 was looked at.
In no case was a significant change in catalyst performance brought about by these
alterations in the electrode preparation procedure.

Part f - Composition And Stability Studies
Of The Pt-Au-Fe Catalyst Systems

A number of experiments were performed with a Pt-Au-Fe ternary catalyst
directed toward the possibility of producing an active and relatively inexpensive
catalyst. Equal molar amounts of Pt and Au were used and the Fe content was varied
from 0.1 to 25atom % in the original mixed salt solution. Reduction was performed
with NaBH4 in an aqueous acetate buffer solution at 0°C. The finely divided
catalysts were washed alternately in H20, 3.7 M H2S04 and once more in H20 prior to
fabrication into pressed electrodes. These structures were then tested in 3.7 M
12804 and 1 M CH30H at 60°C. 1In addition, the reaction solutions, wash liquids
and electrolytes were tested for dissolved Fe to determine at what stage any Fe
losses might have occurred. The catalysts themselves were also analyzed after
testing.

It was found, as shown in Table A-5, that catalysts containing approx-
imately 5 atom % of Fe were somewhat more active than those of higher or lower Fe
content. Thus a sample with a final concentration of 5.15 atom % Fe was polarized
0.55 volts at 100 ma/cm? while catalysts containing 0.14 and 7.40 atom % were
polarized 0.60 and 0.57 at the Same current density. This more active catalyst
also showed the largest exchange current. Complete details of preparation and
performance are found in Appendix A-2.

Chemical analysis revealed that of the original amounts of Fe present in
the mixed salt solutions, 30 to 60% was lost to the 3.7 M H2S504 wash liquid in most
cases. About another 10% was usually found in the electrolyte while only traces
were detected in the Hy0 washes or in the reaction solutions themselves.
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Table A-5

Performance And Fe Content Of Pt-Au-Fe Catalysts 1

3.7 M Hp504 - 1 M CH30H - 60°C

Polarization at Kinetic
Initial Fe Actual Fe Indicated ma/cm? Parameters
Conc, Atom % | Conc, Atom 7, 10 50 100 b -Log I,
0.1 0.14 0.52 0.57 0.60 0.07 5.0
1.0 1.04 0.51 0.56 0.59 0.07 6.4
5.0 3.08 0.49 0.54 | 0.57 0.08 5.5
7.5 4.75 0.48 0.53 0.56 0.07 6.2
10.0 5.15 0.46 0.52 0.55 0.08 4.8
12.5 5.80 0.46 0.52 0.55 0.07 5.7
15.0 6.30 0.49 0.55 0.57 0.08 6.0
25.0 7.40 0.49 0.54 0.57 0.07 6.0

Part g - Stability And Drying
0f Pt-Au-Fe Catalysts

Several other tests were performed with the Pt-Au-Fe system to study the
storage, drying and long term stability of electrodes. Keeping samples in H20 or
3.7 M H3S04 at room temperature for 16 hours caused no change in performance, while
heating the acid to 60°C for the same period produced only a 10 to 20 mv loss.
Drying electrodes at 160°C in air alsv did not change the activity, but drying at
200°C caused a loss of performance. Life tests in 3.7 M Hy80, and 1 M CH40H at 60°C
and current densities of 50 to 100 ma/cm? resulted in gradual polarization increases
of 60 to 80 mv over a 2 week period.

Phase 2 - Preparation Of P-Type And
Modified P-Type Catalysts

The last report discussed the discovery of the highly active P-type and
modified P-type catalysts (2). To further improve the performance and stability
of these catalysts, studies were carried out on the influence of preparation condi-
tions on activity. The use of NaBHz in various media as well as other reducing
agents was also examined. 1In addition, the storage of these electrodes has been
investigated.

Part a - Variable Studies Of NaBHy
Reduction Of P-Type Catalysts

A program was initiated to determine if more active P-type catalysts
could be prepared by modifying the standard NaBHy, aqueous solution preparation
technique. Therefore experiments were performed to study the effects of tem-
perature, NaBH, concentration and order of addition of the reacting solutions.
Two P-18 catalysts were reduced at 2 and 60°C and compared with the standard
25°C reduction. The same tests were made with P-6 type electrodes, using 0 and
50°C. The concentration of NaBH was studied over the range of 0.5 to 10 wt %
at 25°C reduction temperature with P-18 catalysts. Finally, several P-18 elec-
trodes were made by reversing the usual procedure of adding the salt solution to
the NaBH, solution.
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It was found that reduction at close to 0°C produced slightly less active
catalysts than at the higher temperatures in the case of the P-18 samples. With
the P-7 catalysts, as shown in Table A- 6, there was little difference between
reductions carried out at 0 or 25°C,but at 50°C the electrode produced was approx-
imately 100 mv less polarized.

Table A-6

Effect Of Reduction Temperature On Catalyst Activity

3.7 M H2804 - 1 M CH30H - 60°C

Polarization

Catalyst Temp, °C at 50 ma/cm?
P-18 2 0.45
P-18 25 0.41
P-18 60 0.42
pP-7 0 0.54
P-7 25 0.53
pP-7 50 0.45

The NaBH, concentration studies indicated, as shown in Table A-7, that a
slight advantage existed in favor of catalyst samples reduced with approximately
5 wt % NaBH4. These tests were run with the P-18 catalyst.

Table A-7

Effect Of NaBH, Concentration On Performance

3.7 M CH30H - 1 M CH30H - 60°C

NaBH4, wt % 1.0 2.5 4.0 5.0 7.5 10
Polarization at 10 ma/cm? | 0.40 0.38 0.37 0.34 0.35 0.39

The final result of this series of experiments showed that catalyst
activity did not depend upon the order in which the reacting solutions were
mixed. Full details of all these tests are found in Appendix A-3, as well as the
activities of a number of P-type catalysts prepared by the standard NaBH;, reduction
technique.

Part b - Reduction Of P-Type
Catalysts With Other Solutions

In addition to the aqueous NaBH4 solution work just described, a number
of other reducing solutions were tried. Thus NaBH4 was used in acetate buffer and
in CH430H while KBHy4 was also tested in CH30H. 1In addition, catalysts were made
by an L-type reducing system. It was found that in all but one case catalysts
of lower activity were obtained than from simple aqueous NaBH, reduction. "The
exception was a P-6 sample reduced in acetate buffer at 0°C, which was polarized
30 mv less than a similar catalyst made in an unbuffered system, also at 0°C.
These runs are shown fully in Appendix A-4.
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Part ¢ - Storage Of P-Type Catalysts

A study was made of the effects of storage conditions on the performance
of P-type catalysts. Thus, their performances were measured following storage in
H20 or H2S04 and solutions of CH30H or HCHO in these solvents for periods of from
1 hour to 10 days at room temperature. Table A-8 shows the polarizations obtained
at 10 ma/ecm? in 3.7 M H2504 + 1 M CH30H electrolyte at 60°C following storage in
the solutions and for the periods indicated.

Table A-8

Effect Of Storage Conditions On Performance

Polarization After Indicated Days Storage
Storage Solution 2 4 6 10
H20 0.34-0.47 -- 0.41-1.4 0.34
3.7 M H2S04 0.34 0.47 0.47 --
1 M CH30H in Hy0 0.37 0.35 0.36 --
1 M HCHO in H30 0.32 -- 0.34 0.34
1 M CH30H in HpSOy 0.39 -- 0.40 --

It can be seen that HySO4 alone caused a decay in activity. Water by
itself gave anomalous results, sometimes producing a complete loss in activity
and sometimes not affecting performance at all., The cause of this strange be-
havior is not yet clear. Solutions of CH40H or HCHO gave the most consistent
and active electrodes, even after as much as 10 days storage. 1In the case of
HCHO, performance tests were run for sufficient time to insure that the increased
activity observed was not due to residual HCHO in the system. Further details of
these experiments are in Appendix A-3.

Part d - Washing Of P-Type Electrodes

Following the reduction of catalysts with NaBHy, they are usually given
several rinses in H20 and 3.7 M H25804. 1In order to determine the effect of these
wash steps on the activity of the catalyst, a number of P-type catalysts were
prepared identically and then subjected to various degrees of washing. These condi-
tions varied from single H20 or acid rinses up to combinations of as many as five
H0 and acid washes in different sequences. A total of ten runs were made and an
average deviation of only + 20 mv was found among the performances of all these
catalysts. Apparently then, the activity of P-type catalysts is not sensitive to
the severity of washing. Additional data on these experiments is found in Appendix
A-3.

Part e - Modified P-Type Catalysts

Several modified P-type catalysts were prepared by reduction in Hy0 or
acetate buffer solutions by NaBH; at 0°C. As shown in Appendix A-4, catalysts P-74
and P-75 were approximately as active as ordinary P-type catalysts, while P-76 and
P-77 compositions were considerably poorer in performance. 1In the case of the P-77
samples, reducing conditions had no effect upon their activity.

14

e B



A number of other modified P-type catalysts were prepared by the standard
NaBH4 reduction technique and performance tested. Appendix A-5 shows that catalysts

of greatly varying activity were obtained, although none improved upon the ordinary
P-type.

Phase 3 - Variable Studies
Using P-Type Catalysts

Studies were directed toward evaluating the performance of P-type
catalysts at varying temperature; and fuel concentrations, and in the presence and
absence of 02 and in the presence of HNO3. Additional tests were made to evaluate
the long-term stability of this catalyst under typical operating conditions.

Part a - Effect Of Temperature

The effect of temperature on performance of the P-type catalyst using
CH30H fuel was evaluated over the range of 25-90°C. A P-type electrode was
potentiostatted at 0.4 volts polarization at 25°C in 1 M CH30H - 3.7 M HpSO4, and
current measurements made as the temperature was slowly raised to a final level of
about 90°C.

The data gave a reasonably linear plot of current density versus
reciprocal absolute temperature, as shown in Appendix A-6, indicating an activation
energy of ~ 10.2 kcal/mole for the electrochemical reaction. Energy values of this
magnitude are commonly obtained when electron discharge is the limiting step and
are associated with an increase in current by a factor of about 1.6 for every 10°C
rise in temperature over this range.

Part b - Effect Of CHR0H Concentration

The effect of CH30H concentration was studied at temperatures from 40-80°c,
both with and without sparged 0. A P-type electrode was potentiostatted at 0.4 volt
polarization at a given temperature in 3.7 M H2804-. Methanol additions were made in
increments to cover the concentration range from 0.14 to 1.32 molar. Identical sets
of experiments were carried out in systems with and without the added 0,.

The performance , without 02, was shown to become less dependent on
CH30H concentration as the temperature was raised trom 40°C to 80°C. At 80°C,
performance was relatively insensitive to CH30H concentration at levels beyond about
0.4 M. By contrast, at 40°C, a CH30H concentration of 0.7 M was required to reach
an insensitive level, as shown in Figure A-1.
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Figure A-1

Effect Of CH30H Concentration
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The data obtained in 0j-sparged systems showed comparable dependence, with the
additional factor that current at a given concentration level was reduced by 5-15%,

depending on temperature. The data for both these systems are shown in Appendix A-7.

Part c - Stability Of P-Type Catalysts

The long term stability of the P-type catalyst was investigated in a
series of tests of up to 1000 hours under fixed operating conditions. Representa-
tive electrodes were operated in 1 M CH30H, 3.7 M H2S04 at 60 or 82°C with fixed
current density loads of 40-50 ma/cm?. 1In all cases the electrodes were operated
against a smooth platinum "driven" electrode, power being supplied by low voltage
constant current sources. As a routine procedure, the cells were open-circuited
once each 24 hours, generally for 30 seconds.

Since it was discovered in a routine screening procedure that in some
cases saturation of the 3.7 M Hy80,4 electrolyte with NagW0s seemed to improve the
long-term stability of P-type catalysts, several of the long term tests were con-
ducted in Na2W04-containing electrolyte.

The results, summarized in Appendix A-8, indicate that P-type catalysts
can be made tocperate with considerable stability for over 1000 hours. The best
electrodes at the end of this period were polarized about 0.4 volts from CH30H
theory at 50 ma/em? and 82°C, having lost about 50 mv frem their original perform-
ance. Although electrodes in H2S04 both with and without Na2W04 successfully
withstood the 1000 hour test at 82°C, there exists a slight indication that
electrodes in NapW04 - containing electrolyte may polarize less over the 1000 hour
period. Two other electrodes, operated without NagW0, at 50 ma/em2 at 60°C for
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380 and 310 hours, respectively did not lose any activity over these intervals, being
polarized 0.44 and 0.41 volts respectively under these conditions.

Part d - _Effect Of HNO3 On P-Type Catalysts

Two modified P-type catalysts were exposed to HNO3 to test their resis-
tance to poisoning by this material. The addition of 0.2 wt % HNO3 to electrodes
operating in 3.7 M H2S504 and 1 M CH30H at 10 ma/cm? caused polarization increases
of 40 and 160 mv at 60 and 80°C. At the 1 wt 7 level, these increases amounted to
140 and 250 mv. However, upon continued operation, performances improved back
towards their original levels, particularly at the higher temperature. After
rinsing and replacement into fresh solutions both electrodes regained the same
activities as before exposure to HNOj3.

Catalyst type P-18 was also tested with HNO3 while operating in 3.7 M
H2504 and 0.5 M CH30H at 90°C at a current density of 50 ma/cm2. The addition
of 0.2 wt % HNO3 caused a 90 mv increase in polarization, which leveled off at
that value.

Phase 4 - Performance Of Pt Electrodes In
Rhenium Containing Electrolytes

It was previously shown that the addition of MoO3 to the electrolyte pro-
duces an improvement in fuel electrode performanceo Therefore, a study was con-
ducted to see if this effect could be caused by other metal oxides. It was found
that Rep07 could improve fuel electrode performance when added to the electrolyte.

Part a - Performance Of Pt-Re07 Systems

A NaBH; reduced Pt black electrode was operated in 0.002 M Rej07 - 3.7 M
H,50,, electrolyte. This addition of a soluble Re compound resulted in improvements
in performance with both CH30H and HCHO fuels. Typical performance data for both
is shown in Figure A-2.

A study of the effect oif Rej0Oy concentration in the electrolyte indicated
that a rough optimum in Re0; content occurred at about 10-3 moles/liter of Reo07
as shown in Figure A-3.
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It was also discovered that the performance improvements could be realized by
simply dipping the Pt electrode into a Rey0,-H3804 solution before placing it
into the fuel-containing electrolyte. Electrodes of this type, however, lost
activity after being subjected to high current densities. Typical performance
data for CH40H and HCHO is shown in Appendix A-9.

Part b - Catalysts In Re;0;-Containing Electrolytes

In common with the molybdate redox system previously reported (2), it
was found that the electrochemical reaction of Re0;7 could be carried out on
other metal electrodes, particularly Au. For this reason several electrodes of
mixed powders of Pt and Au in a 1:1 ratio were prepared and tested in the Re07-
HyS04 electrolyte. While these electrodes were in general as good as those pre-
pared from Pt alone, no increases in CH30H performance of the electrode were ob-
served.

Other experiments indicated that performance of commercial Pt black
(Engelhard) was comparable to that obtained from borohydride reduced Pt. Electro-
deposited Pt, however, was shown to be inferior in all cases tested. Typical per-
formance data for these catalysts are summarized in Appendix A-9.

Phase 5 - Mechanism Of Pt-Re07 Catalysis

Based on the similarity of this soluble catalyst with the mo lybdate
systems previously investigated (2), the mechanism and variables in the Pt-Re;0;
system were studied along the same lines as those previously developed in the
Pt-Mo systems. Experiments were performed to ascertain if a redox mechanism was
operative in the Re207 system, and attempts were made to determine characteristics
of chemical and electrochemical behavior. The techniques of constant potential
coulometry and galvanostatic chronopotentiometry were applied in evaluating the
clectrochemical behavior of the system.

Part a - Electrochemical Behavior

The initial step in assessing the possibility of Re207 redox reaction
was to determine if reduction of the heptavalent Re species occurred in the volt-
age region accessible to the fuel electrode. Galvanostatic transients obtained
on a platinized Pt electrode in 3.7 M HpS04 - 0.002 M Rey07 indicated that anodi-
zation from initial potential levels of +0.15 volts vs NHE resulted in the pro-
duction of a well defined anodic reaction wave with a half wave potential about
0.55 volts positive to NHE. This response is shown in Figure A-4.
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Figure A-4 I
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Since the original potential level is easily accessible to the CH30H or HCHO fuel
electrodes, reduction of Rep07 by these fuel components can be expected. Electro-
chemical reoxidation of the Re species would then complete the cycle.

Part b - Coulometric Studies

Two types of coulometric analysis were employed in the Rep07-HySO4 system
in order to determine thc probable valence change involved in -the redox reaction. The
first of these was a conventional measurement of the coulombs required for the
potentiostatic reduction and/or reoxidation of a standard sample of RepO; in H)S04
on a platinized electrode. The reduction potential was set at +0.15 volts vs NHE;
reoxidation was carried out at +0.95 volts vs NHE.

The second type of experiment involved a constant potential reduction
under flow conditions, wherein all of the reactive species flowing through a
platinized porous medium is reacted. This type of "flow coulometry", (2), was
designed to facilitate the distinction between pure electrochemical reduction steps
and possible coupling with chemical reactions or disproportionations. Thus, in the
flow system, a downstream deficiency of oxidized species lessens the possibility of
chemical reactions with the reduced component.

The two types of experiments gave different results. Conventional
coulometry indicated the reaction to be a three-electron change to the tetravalent
state, Re0j. Flow coulometry, by contrast, indicated an average change of 1.3
electrons, as shown in Table A-9.
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Table A-9

Coulometry Of Res07 Solutions

Coulombs Calc Coulombs
Condition (1 Electron) Found
Flow 7.96 10.70
Flow 6.38 8.90
Static 3.44 10.39

These observations indicate that the true electrochemical reaction on Pt is
probably the one-electron reduction to the purple +6 state, this reaction in bulk

solution being followed by a relatively slow disproportionation to the tetravalent
Re02.

3Re03 = Re0y + Re207

Literature sources indicate that this reaction is well known (3).

Part ¢ - Analysis Of Transients

In order to test the electrochemical behavior of the intermediate val-
ence state of Re, an attempt was made to isolate this species by clectrochemical
reduction of Reg07 in H)S04 on electrodes other than Pt. Reduction on a large mer-
cury cathode at=0.6 volts vs NHE was successful, producing a bright purple solution
believed to contain only the intermediate +6 species.

Due to possible long term effects of chemical disproportionation in this
system the electrode kinetics of the species was observed only under transient con-
ditions. Several chronopotentiometric transients were recorded during galvanostatic
pulsing of a platinized Pt electrode in this Re +6 solution. These voltage-time
transients were analyzed by fitting them to the expected mathematical relationship
for diffusion controlled irreversible reaction of a species.

The expected half-wave slope for the irreversible diffusion controlled
reaction is, (4),

3 AF _ RT
[ a(t/r) ] t= 7/2 - 2.41 an,F

where 7 1is the wave transition time, and all other symbols have their usual
significance. Half-wave slopes obtained from four transients are shown in
Table A-10 together with the calculated a n, values.

The values of ang = 0.5 obtained are consistent with a one-electron
irreversible limiting step, and would be expected to yield E-log I curves for the
redox reaction with Tafel slope, b, of about 0.12 volts/decade current. This value
is consistent with the experimental slopes found during CH30H reaction on Pt black
in Re207 containing electrolytes.
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Table A-10

e

Analysis Of Re*b® Transients

4

Half Wave Slope Calculated
Transient mv/unit t/r Ng
I 135 0.46
II 132 0.47
I11 111 0.56
v 127 0.49

Part d - Chemical Reaction Of Re)09

An attempt was made to evaluate the possible chemical reaction between
fuel and Re207 by monitoring the CO2 production from a reaction vessel in which
HCHO fuel, dissolved Re207, and powdered platinum black were stirred in 3,7 M
H2804 at 80°C. 1In contrast to the molybdate-fuel system, no measurable COy pro-
duction was observed in the Re system.

Part e - Adsorption Of Rhenium

Studies were made to define the conditions necessary for the adsorption
of suitable quantitjes of Re07 and fuel on Pt black electrodes. The information
was obtained through the analysis of anodic stripping transients on electrodes
containing preadsorbed layers of Re;0y and fuel. Thus, a Pt microelectrode was
allowed to equilibrate with a solution of Re207 and/or fuel, removed, rinsed and
the adsorbed material removed by a constant anodic current. Voltage-time transients
were displayed on an oscilloscope and photographed.

It was found that a few seconds immersion of the Pt black electrode in
0.002 M Rep07 - 3.7 M H2804 resulted in coverage of the surface with a quantity of
Re207 which thereafter did not increase appreciably with immersion time. Applica-
tion of the same procedures using 0.002 M Re207 - 1 M CH30H - 3.7 M HyS04 solution
however produced a surprising interaction. Anodic transients on these electrodes
indicated the presence of threc to four times more Re than those electrodes treated
with Re207 alone. 1In addition, the size of the CH3OH reaction wave was greatly
diminished. These results are shown in Figure A-5. Solutions of Re207-HCHO-H2S04
however did not show a significant change in Re207 adsorption or in the size of the
HCHO wave.
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Figure A-5

Increase In Re,05 Adsorption From
Solutions Containing CH30H

Volts vs N.H.E.

Time, Sec

A. 7 min adsorption in 0.002 M Re07 in H2S04
B. 2 min adsorption in 1 M CH30H - 0.002 M Rey0; in HySO,

The Re species was shown to be adsorbed on the electrode surface in ex-
periments involving repeated anodizations of co-adsorbed layers of fuel and Re,07.
With HCHO-Re07, individual reaction waves were observed in the initial transient
corresponding to reaction of each component at a different voltage level, identical
to the result reported in the previous paragraph. The subsequent anodic transient
then indicated the continued presence of most of the initial adsorbed Rey0;. A
fuel reaction wave was absent in this second transient. These effects are shown
in Figure A-6.
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Figure A-6
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Continued anodic pulses on this electrode indicated a gradual diminution of the
amount of Rey0;7 on the electrode. Similar behavior during repetitive anodization
was observed with Rep07 layers adsorbed from CH304 - Rey0; solutions.

Part f - Proposed Mechanism

Based on the observations to date, the Pt-Reg07-fucl interaction secems
to be governed by a surface redox process quite analogous to the molybdate redox
investigated earlier. The reactions involved may be summarized as follows:

Chemical Reaction:

+
ret’ (ads) + Fuel — Re 6 (ads) + COz + Hp0

Electrochemical Reaction:

+ -
Re+6 (ads) — Re d (ads) + e
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4.2 Task B, Air Electrode

The unique HNO3 redox system developed for use at the fuel cell cathode
offers low polarization at practical current densities and can be run with very
efficient regeneration of HNO3 (2). Further laboratory studies have been carried
out with new electrode structures in an effort to further improve the performance
of this system. In addition, because of the possibility that the P-type catalysts
used at the fuel electrode may be harmed by the presence of HNO3 or its reduction
products, investigations of direct 07 electrodes have been made. Thus Pt has been
studied with several bonding agents and also combined with other metals.

Phase 1 - HNO4 Redox Performance
Using C-Type Electrodes

To increase the efficiency and power output of the CH3OH-HN03 cell, a
proprietary (C-tyge) electrode structure was tested as a cathode. The electrode
contained 8 mg/cmé of electrodeposited Pt black as the catalyst. These laboratory
studies were necessary to determine whether improved performance was attainable
and whether this new structure was electrochemically stable.

Part a - Experimental System

Tests werc made in a 4 inch diameter glass cell with an external circuit
as described previously (1), The driven anode was a Pt screen and the anolyte and

catholyte were separated by a membrane. The cell arrangement is shown in Appendix
B-1.

The cell was first heated to 82°C with 30 wt % Hy804. Nitric acid was then
added to the catholyte. The reaction was initiated by drawing 0.5 amp for 30
seconds, following which the cathode polarization was measured as a function of cur-
rent density. No attempt was made to regenerate HNO3 consumed in the electrochemical
reduction. Instead, the HNOj concentration was maintained constant by addition of
the coulombic equivalent of HNO3 consumed during the experiment.

Part b - Electrode Performance

Most of the new electrode structures demonstrated improved performance
over conventional Pt screens in these half-cell tests. Several electrodes gave out-
standing performances. For example, the best activity obtained with 1 wt % HNO3
was 0.21 volts polarization from theoretical 02 at 100 ma/ecm2. A comparison of the
best performance on these new s:ructures with that obtained on 80 mesh screens is
given in Figure B-1. Additional data for 2 wt % HNO3 is given in Appendix B-2.
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Figure B-1
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Some of the new structures proved to be electrochemically unstable and
gave poor performance. However, the better electrodes were inert during inter-
mittent tests of up to 100 hours.

During these half-cell tests, it was observed that some of the NO gas
from the electrochemical reduction at the electrode catalyst surface appeared on
the anolyte side of the membrane. This apparently resulted from solution and dif-
fusion of the NO through the electrolyte in the membrane pores,

Phase 2 - Direct 09 Electrodes

Although the INO3 redox system allows high performance to be obtained at
the cathode, it has been shown that there are compatibility problems with the
active P-type catalysts used at the fuel electrode. For this reason, work with
direct 0, electrodes was initiated. Thus Pt has been studied ar a catalyst by
bonding it with Teflon or combining it with other metals. The effects of 0, flow

rate and 1;S0, concentration on the performances of some of these catalysts have
been checked,

Part a - Platinum-Teflon Electrodes

A number of clectrodes were prepared by spreading a mixture of Pt and
Teflon powders on a Pt screen. Sufficient mechanical stability was imparted by
the Teflon so that pressing was not necessary. The electrodes, which contained
20 to 50 wt % Teflon, were tested in 3.7 M H,S04 at temperatures of 38 and 60°C
in the glass cell described in Appendix B-3.
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An optimum Teflon content in the vicinity of 30 wt % was found. Thus,
as shown in Figure B-2, at the typical operating conditions of 60°C and 100 ma/cm?
the best electrodes contained 25 or 30 wt % Teflon. A similar result was found
at 38°C. Complete performance data for these runs is given in Appendix B-4,

Figure B-2

Performance Of Pt-Teflon Electrodes
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Part b - Platinum-Carbon-Teflon Electrodes

In addition to the Pt-Tefion unpressed electrodes, some carbon containing
catalysts were pressed onto Pt gauze structures at 1000 psi and tested under
similar conditions. In these systems the Teflon content was maintained at 20 or
33 wt % and the carbon and Pt proportions varied. It was found that these carbon
containing electrodes were considerably less active than the Pt-Teflon mixtures.
For example, at 100 ma/cm2 at 62°C, the most active carkon sample was polarized
140 mv more than the most active Pt-Teflon electrode. Full performance details
are presented in Appendix B-5.

Part ¢ - Oxygen Flow Rate Studies

The effect of 0y flow rate on the performance of the direct 02 electrode
was investigated to determine the optimum operating rate. A Pt-10 wt % Teflon
electrode was used for these tcsts, which were carried out at 20 and 50 ma/cm? and
at ambient, 60°C, and 82°C temperatures. It was found, as shown for a typical
case in Figure B-3, that polarization decreased rapidly with increasing flow rate
until about twice the stoichiometric value. Beyond this point constant polariza-
tions were obtained. Further details of performance are shown in Appendix B-6.
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Figure B-3

Effect Of Oxygen Flow Rate On Performance
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Part d - Storage Of Pt-Teflon Electrodes

One problem in the development of Pt-Teflon direct 07 electrodes has been
a deterioration in performance occurring between tests while the electrode was storcd
in electrolyte. However, it was found that by draining the bulk electrolyte from
the half-cell and leaving the catalyst only moist rather than completely immersed
during storage, the initial activity could be maintained even after long idle
periods. Thus a 25 wt % Teflon electrode did not lose any activity after storage
for 86 hours under the new conditions., Furthcr test details are shown in
Appendix B-7.

Part e - Sulfuric Acid Concentration Studics

An investigation was carricd out on thc change in performance of the
Pt-Teflon direct 0p electrodc with varying H,S0, concentrations. Thus 20 and 25
wt 7 Tcflon clectrodcs were run at tempcratures from 38 to 60°C in an acid range
of 0.5 to 3.7 M. 1In all cases, the obscrved polarizations, when corrccted for the
change ir thcoretical potential with pH, showcd an optimum acid conccntration of
lcss than 3.7 M. Table B-1 illustratcs a typical sct of rcsults obtained with the
20 wt 7 Teflon electrodc operating at 50 ma/cm2 at 50°C. Polarizations both before
and aftcr the pH correction are shown. Additional rcsults are found in Appendix
B-8.
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Table B-1

Effect Of Sulfuric Acid Concentration On
20 wt % Teflon Electrode Performance

H250, Polarization at 50°C and 50 ma/cm?2
Concentration from 02 potential for from theoretical 0y potential for
M/L 3.7 M HySO4 electrolyte | indicated H,S0, concentration
0.5 0.41 0.34
0.75 0.42 0.36
1.5 0.40 0.36
3.7 0.43 0.43

Although a definite half-cell performance advantage is indicated for acid
concentrations lower than the normal 3.7 M value, the improvement is not sufficient
to overcome the additional IR losses introduced by the more dilute electrolyte.
Until unit cells of lower resistance are designed, 3.7 M H280, continues to be the
optimum concentration.

Part f - Performance of Pt-Base Metal Catalysts With 07

Several binary systems were prepared bv NaBH, reduction of mixtures of a
NagPtClg solution, and salt solutions of the second metal. The metals tested were
Ni, Pb, Cr, and Mo. Performance tests were run in 3.7 M H2504 electrolyte at 60°C.
Oxygen was passed over the surface of the catalyst which was supported at the 0, -
electrolyte interface.

The performance of the electrodes tested varied considerably. Thus Pt-Ni
peiformed essentially the same as Pt alone, but Pt-Mo and particularly Pt-Pb gave
much poorer performances. Only Pt-Cr gave any indication of improvements in per-
formance over Pt, and at 100 ma/cm2 the difference between these two was only
20 millivolts. Details of these runs are shown in Appendix B-9
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4.3 Task C, The Total Cell

Further work was carried out on improving the design of the methanol~HNO 3~
air fuel cell so as to increase over-all cell performance in sustained operation.
Since the P-type catalyst could not be effectively used together with HNO3, studies
were also made of total cell operation using direct oxygen or air electrodes and
P-type catalyzed methanol electrodes. In addition, an analysis was made of the
effects of design and operating conditions On water removal. Also included are
development work on a methanol analyzer and a study of possible materials for use
in fuel cell construction.

Phase 1 - Cell Design Studies: CH30H - HNO., - Air Fuel Cell

A compact Teflon cell was set up as a methanol half cell using a driven
cathode. 1Its purpose was to improve cell design and operability by assessing long
term methanol electrode performance independently of effects attributable to total
cell interactions. In addition, these tests would be useful in distinguishing
between these additional effects and those present only at the methanol electrode.
Tests were also made to determine the minimum fuel chamber size.

Part a - Long Term Methanol Electrode Per formance

The cell used in this study was described in a previous report (2). Sev-
eral modifications made during this work are described in Appendices C- 1, c-2 ,
and C-3 . The main test of the methanol electrode was a 1029 hour run. The experi-
ment was conducted with a platinum black catalyst on an 80 mesh platinum-rhodium
screen at 50 ma/cm? and 82°C using commercial grade methanol in 30 wt % H3804. The
cell was open-circuited for several seconds about once a day to maintain performance.
The methanol concentration varied between 0.8 and 3 vol % and averaged 1.9 vol %.

At the end of 1029 hours, the methanol electrode polarization had increased
from 0.58 to 0.61 volts. The lost performance was largely restored by adding fresh

electrolyte, indicating that this slight increase in polarization was due to accu-
mulation of impurities in the recycled electrolyte (see Table C-1).

Table C-1

Life Study Of CH,0H Electrode

Total Current
Hours on Density, | Polarization,
Operation Catalyst ma/cm? Volts

Long term run with Start 50 0.58
electrolyte recycle and
methanol-water addition 1029 50 0.61
Fresh electrolyte 1080 50 0.59
Increased current 1149 105 0.69
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At the end of the long term test, the current was increased to 105 ma/cm?
and the cell operated for 69 hours without any serious difficulties. At the higher
current, voltage oscillations due to COy rejection from the 80 mesh electrode sur-
face were less than 6 millivolts. The polarization, however, was abcut 90 millivolts
higher than expected, attributable to poor methanol distribution resulting from a
single point feed system. Thus, with proper control, the methanol activity on a
platinum black catalyst can be maintained. Some of the initial results were given
in an earlier report (2) . Therefore, only the additional data are given in
Appendix C-4.

During this long term methanol electrode performance run, material and
electrochemical balances were made to validate the cell reactions. Measurements of
feed reactions and products in and out of the cell were made at frequent intervals
throughout the run. The over-all weight balance for the run was 100.1%. Detailed
data are presented in Appendix C-5. The logs of methanol and water fed and gases
produced are shown graphically in Appendix C-6. The over-all balances for the 1029
hour run, summarized in Appendix C-5, confirmed the fact that the methanol is
electrochemically oxidized completely to CO2. The 31.8 gram moles of €Oy produced
were coulombically cquivalent to 100.0% of the current,

Part b - Fuel Chamber Design

The composition of the CO2 exhaust obtained in tests with various sized
electrolyte chambers was examined in runs at currents ranging from 25 to 105 ma/cm2.
The tests were made at 85°C with 1 vol % methanol in 30 wt % H2504 electrolyte to
determine whether efficient COy release was possible in these chambers.

The exhaust €02 was found to be saturated with water and methanol in the
large, 225 mil thick, chamber. Surprisingly, the degree of saturation decreased to
about 907 and 507 in the 100 and 25 mil chambers respectively. The degree of sat-
uration was further reduced at lower current densities. These results are summarized
in Figure C-1. Detailed data are given in Appendix C-7.

Figure C-1
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Phase 2 - Life Studies In The
CH30H - HNO3 - Air Fuel Cell

et

The compact Teflon cell was assembled for testing the over-all perform-
ance of the methanol electrode and the air-HNO3 redox system in sustained operation.
The equipment used in these experiments was described in a previous report (2).

The coulometric timer used to control CH30H and HNO3 feed rates was modified for
better control and an air rate controller was added. These are described in
Appendices C-1 to C-3,

Part a - Long Term Testing

The methanol-air-HNO3 system was operated in a long term test. The cell
used 80 mesh screens for both electrodes and a CR-61 membrane separator. Platinum
was used exclusively as the catalyst. The test was carried out at 82°C using 1
to 2 vol % methanol in 30 wt % H2804 anolyte, and 1 wt % HNO3 in 30 wt % H2504
catholyte. The cell was operated continuously for 181 hours at current densities
varying from 2 to 112 ma/cm?. The maximum power level at the cell terminals
amounted to 19 milliwatts/cm2 at 0.40 volts. The IR losses amounted to 0.20 volts
at 100 ma/cm2. During the run, although feed was controlled by the modified coulo-
metric timer, periodic manual adjustments were necessary. The catalyst activity
was found to be normal when tested at the end of the run. A log of procedures during
the run, a tabulation of electricai performance data, and a graphical presentation
are given in Appcndices C-8, C-9, and C-10, respectively.

Part b - Improved Cell Performance

Based on the experience obtained in the above test, a number of assembly
arrangements were tried in an effort to improve tne electrical ccil oucput. The
asscmﬁly arrangements included variation in the number and mesh of screen electrodes,
as well as spacing between electrodes. The tests were made at 82°C using 1 vol %
methanol in 30 wt % H2S04 and 1 to 2 wt % HNO3 in 30 wt % HpS04 as anolyte and
catholyte, respectively. Methanol losses and HNO3 regeneration cfficiencies were
measured. Detailed data are given in Appendices C-11 through C-22,

During these tests the methanol losses due to chemical reaction with NO
were largely dependent on the electrode acting as a barrier to mcthanol diffusion
to thc opposing compartment. Essentially no mcthanol was lost when the electro-
chemical conversion of methanol was greater than 60%. However, decreasing the con-
version to 557% resulted in losses as high as 54 1bs/100 lbs of methanol reacted. This
use of the electrode as a methanol barrier was discussed in an earlier report (1).

No attempt was made to use an efficient HNO3 regeneration system. The
nitric acid regeneration was accomplished cxternally in a simple 1" diameter glass
column packed with 3/32" glass helices. Air for NO oxidation was fed to the
rcgenerator at about two times the stoichiometric requirement. Electrolyte solu-
tion flowcd down the column to the cell to furnish water for NO2 hydrolysis to HNO3.
The HNO3 regeneration efficiency iu this column varied from 1.5 to 9 coulombs
measured per coulomb equivalent to HNO3 consumed or lost from the column exhaust,
depending on the amount of NO produced in the cell. Since NO is produced electro-
chemically as well as by chemical oxidation of diffusing methanol, the regeneration
efficiency depended on the current density and methanol conversion per pass. Low
currents and high conversion produced less NO and consequently resulted in the high-
est regeneration efficiencies.
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The biggest improvement in electrical performance was obtained by pro-
viding escape routes for COp between the membrane and screen electrode. This mod-
ification also resulted in a steady electrical output without any evidence of os-
cillations observed in other assemblies. The maximum power output at the terminals
was 23 milliwatts/cm2 over the range of 70 to 100 ma/cm? current density and 0.30
to 0.24 volts. Excluding the IR loss, which amounted to 0.13 volts at 100 ma/cm?, the
maximum power was 40 mwatts/cm2. The best rreviously reported (2) performance was
about 15 mwatts/cm2. The power performance data are compared in Figure C-2.

Figure C-2
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Phase 3 - Performance Of New Electrode Structures
In _The CH70H - HNO3 Fuel Cell

Because of the outstanding HNO3 half cell performance of some of the new
electrode structures described in Task B, tests were made to evaluate these struc-
tures in total cell operation, using platinum black catalyst.

38



e ]

Part a - Experimental System N

The tests were made with 4 inch diameter electrodes and gold current
collectors in a glass cell described in a previous report (1). Auxiliary platinum
screen electrodes were installed in each reactant chamber to permit independent
operations, such as activation and half-cell measurements. The external circuit
consisted of only resistive elements, including a rheostat, ammeter, and voltmeter.
The cell arrangement is shown in Appendix Figure C-3 .

After a variety of electrode pretreatments, the cell was filled with
30 wt % H2804 and heated to 82° C. The reactants, CH30H and HN03, were added and
the performance was determined by measuring the individual electrode polarizations
and cell voltage at each current density. Both CH30H and HNO3 were added manually
during the test to replace the coulombic equivalent consumed by the electrochemical
reaction. No attempt was made to regenerate HNO5.

Part b - Compatibility Problems

Initial performance, using C-tyge electrode structures at both the anode
and cathode, was limited to 6.6 mwatts/cm? at 0.2 volts. Considerable gas accumu-
lation was observed between the electrodes making continuous operation impossible.
This was attributed to NO solution at the cathode and diffusion toward the anode.

This had been observed previously in HNO3 half-cell tests with this type of elec-
trode.

To eliminate this gas accumulation, the C-type structure at the anode was
replaced with either 80 or 150 mesh platinum screens. No gas pockets formed with
this type of unit cell consisting of a screen anode and the C-type cathode.

Although the cell performance increased to 29.2 mwatts/cm? at 0.39 volts
there were losses due to incompatibility of HNO3 and CH3OH at each of the clectrodes.
These losses were determined by comparing each electrode's performance during total
cell operation with previous half-ccll data for that electrode. The degree of
compatibility at an electrode was found to be dependent on the treatment of the
electrode before exposure to the opposing reactant in the total cell. For example,
in cases where CH30H was pre-adsorbed on the anode and absorbed in the pores of the
separator, HNO3 performance was less than expected. This is shown in Figure C-3.
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The reverse situation is shown in Figure C-4, where HN03 was introduced

in the catholyte of the cell before CH30H, permitting its absorption in the separator.
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An improved start-up procedure, which improved compatibility during the
nominal 3 to 4 hour test period, was devised. In this technique each reactant was
adsorbed on its electrode Prior to installation in the cell. The cathode was then
anodized to remove CH40H and the anode was cathodized to remove HNO3. The electrode
potentials were maintained near Hp at the anode and near 07 at the cathode. CH3OH
and HNO3 were then added to the anolyte and catholyte, respectively. Cell operation
was initiated immediately. Performance improved to 31.6 mwatts/cm2 at 0.22 volts
with 1 vol % CH3OH and 2 wt % HNO3. The individual electrode performances agreed
with measurements in half-cells of each electrode. This is summarized in Figure C- 5.

Figure C-5
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Part ¢ - Cell Performance With Improved Cathode

With the improved start-up technique, high power levels were achieved
from the CH30H-HNO3 cell. With 1 vol % CH30H and 1 wt 7% HNO3, up to 33.8 mwatts/cm2
at 0.30 volts was maintained. The reactant concentrations were increased to 3 vol %
CH30H and 2 wt 7% HNO3 without additional losses due to incompatibility. The power
output also increased to 44 mwatts/cm2 at 0.34 volts. Furthermore, internal electro-
lyte IR losses were reduced to a negligible level. These performance levels were
maintained during test periods of up to 8 hours of continuous operation. The re-
sults are summarized in Figure C- 6 and all data is presented in Appendix C-23.

36

ot



Figure C-6
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Phase 4 - Laboratory Studies Of The CH4q0H - Direct Oxygen Fuel Cell

Because of the difficulties in using a P-type catalyst in the presence
of HNO3, studies with this catalyst were carried out in total cells using direct
oxygen clectrodes instead of the HNO3 redox electrode. The purpose was to check
whether the improved performance attainable with the P-type catalyst will more
than offset the lower performance of a direct oxygen electrode operating on air.

Part a - Experimental Systems

The experiments were carried out in the 4 inch diameter glass cell des-
cribed in Appendix C-24. The cathode chamber was reduced in size to a thickness
of only 68 mils. Unless otherwise noted, the P-5 catalyst was used at the anode
and a 72 wt % Pt-28 wt % Teflon mixture was used at the cathode. The electrolyte
generally contained 1.5 M CH30H in 30 wt % H504. Experiments were carried out
at temperatures ranging from ambient conditions to 82°C and generally with oxygen.
Experiments with air have only recently begun. The results of these experiments
are detailed in Appendices C-25 to C-26.

The major variable in these tests was the membrane used as the separator.
The membrane is especially important in a methanol-direct oxidant fuel cell because
it can control the rate at which electrolyte flows into the cathode from the fuel
electrode electrolyte reservoir chamber.
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Part b - Cell Performance

Cell performance with the Ionics CR-61 membrane proved to be the most
stable and reproducible. At 61°C, using oxygen, net power outputs of 26 milliwatts/
cm® at 0.26 volts were achieved at the terminals. Neglecting IR, power levels of
35 milliwatts/cm? at 0.35 volts were obtained. These data are illustrated in
Figure C-7.

Figure C-7
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The fuel electrode performance was in close agreement with the results
obtained in half cell studies. The oxygen electrode was polarized only 30 mv more
than that expected from half cell studies, indicating little difficulty due to
interactions with methanol.

Further increases in temperature with this membrane resulted in an
irreversible increase in IR, possibly caused by partial drying of the membrane on
the cathode side. Therefore a dual combination of an Ionics CR-61 and an A-type
membrane was tested at 82°C. This cell, using 02, produced 28 milliwatts/cm? at
0.28 volts at the terminals and 40 milliwatts/cmZ at 0.40 volts neglecting IR losses.
The performance of this system is presented in Figure C-8.
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Figure C-8
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Tests using other membranes were less successful. These included

Nalfilm D-30 membranc which appeared to be too porous, and an AMFion C-313 membrane
whose IR loss proved to be too large.

Part ¢ - Bi-coll Tests

Several tests were also carried out to evaluate the performance of two
cells having a common 80 mil cathode chamber. Both cells in the package used P-5
catalyzed fuel electrodes, Pt-Teflon oxygen electrodes, and Ionics CR-61 membranes.
The experiments were run at 50°C with oxygen and 54°C with air.

Performance of the two cells in series was in excellent agreement with
the results expected from single cell tests. This was true for both oxygen and air.
These results are summarized in Appendix C-27 and shown for oxygen in Figure C9,
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Phase 5 - The Water Balance

The balance between water production and water removal is particularly
important for successful operation of a cell for extended periods of time. An
improper balance can result in decreased or increased acid concentrations and
{looding or drying of direct air electrodes. As a consequence, electrode perform-
ance would decrease, electrolyte IR would increase, and the over-all cell efficiency
would be lowered. Therefore, a mathematical analysis was made of the effects of
the major design and operating variables on the water balance in a methanol-direct
air fuel cell.

Part a - Design Basis

The analysis was based on a single cell. llowever, its operation was also
related by assuming a single air chamber that would service two air electrodes.
Thus a multicell array would consist of a repeating pattern of the basic 2-cell
module shown in Figure C-10. The end modules would be single cells with air chambers
on the outside. Such modules are essentially isolated from each other and there-
fore can be treated independently.
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Figure C-10
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From previous considerations, it was assumed that the cells would operate
in the temperature range of 60 to 80°C, electrolyte would be circulated upwards
through the cells from a common reservoir,and the air, passing downward, would
be used to remove water. The design further assumed that the air flow rate and its
inlet temperature could be adjusted so that more water is removed than is generated.
In this situation, the liquid level in the electrolyte reservoir could he used to
control the amount of water in the air exhaust that is returned to the reservoir.
Figure C-11 presents a schematic of this system.
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Part b - Effect Of Cell Design
On Exit Air Water Content

Since the air flow through the air chamber will be laminar, the amount of
water removed will be controlled by the combined convective and diffusional trans-
port of water within the air stream. On this basis, the average water content of
the exit air (XL) is related to the inlet air water content (Xi) by the following
equation:

XL-Xi_ B2v 1/2
X - x; - 1 (GGrpr) (1)

= molal humidity at the electrode interface
B = half thickness of the air chamber
electrode height
diffusivity of water in air

v = air velocity

Appendix C-28 analyzes this problem in greater detail. This derivation assumes,
and it has been verified (see Appendix C-29), that heat conduction is sufficiently
rapid within the cell so that temperature is not limiting.

or
u W

Using the above equation it was found that in a thin air chamber and over
a wide range of operating conditions, air leaves the chamber essentially in
equilibrium with the acid. This is shown in Figure C-12 (and Appendix Table C-1 ) in
which the percent saturation is examined for various air rates and chamber thicknesses.
These results were checked for current densities ranging from 15 to 100 ma/cm? at
cell voltages of 0.2 to 8 volts.

Figure C-12
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In this figure it is seen that in air chambers with half thicknesses of less than
100 mils, the air leaves the cell over 907 saturated. Since it is expected that
half thickness of the air chamber will be about 68 mils, the saturation values will
be used in further calculations.

Furthermore, the fact that the air stream leaves essentially at equili-
brium permits evaluation of the rate of water removal and the exit air temperature
under various conditions using only an over-all energy balance that takes into
account the heat removed by both conduction and vaporization. 1In addition, it was
assumed that all the heat generated is removed by the air stream, The validity of this
assumption is discussed in Appendix C-29.

Part c - Dependence Of Water Removal On Air Rate

On this basis, it was calculated that the rate of water removal at
constant current and voltage decreases slightly with increasing air rate. A
twentyfold increase in air flow results in only a 20% change in the rate of water
removal. This results from the fact that the exit air temperature decreases
markedly with increasing air rate. Hence, the benefits of increased air capacity are
offset by decreased temperature. This is illustrated graphically in Figures C-13
and C-14 .

Figure C-13
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Figure C-14

Effect Of Air Rate On Air Temperature
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Part d - Dependence Of Water
Removal On Current And Voltage

Similar analyses were made of the effect of varying current and voltage.
These analyscs showed that the rate of water removal should be relatively
independent of current density, but markedly dependent on the output voltage.
However, in all cases considered the rates of water removal were calculated to be

substantially greater than the rates at which water is produced. This is shown in
Figures C-15 and C-16.
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Figure C-15

Effect Of Current On Water Removal
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Figure C-16

Effect Of Efficiency On Water Removal
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Similarly, as indicated in Figures C-17 and C-18, the exit air temperature
changes markedly with cell voltage but is relatively independent of current density.

Figure C-17

Effect Of Current On Air Temperature
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Part e -~ Effect Of Ambient Air
Temperature On Cell Operation

The previous analysis assumed that air entered the cell at 25°C. There-
fore, additional calculations were made of the effect of varying the ambient
air temperature on water removal and cell temperature. In this case an air rate
10 times the stoichiometric requirement with a 50% relative humidity was assumed.

The calculations indicated that the air entering the system generally
must be preheated by the air exhaust in order to attain the desired 60 to 80°C
operating temperature range. This is shown in Figure C-19. 1t was also shown that
the removal and condensation of excess water should not be a serious problem except
at temperatures above 30°C where insufficient water would be condensed for maintain-
ing the acid concentration of the electrolyte. (See Appendix Figure T-6), At these
higher ambient temperatures, auxiliary cooling will be necessary.

Figure C-19
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Phase 6 - Methanol Analyzer And Controller

A proprietary instrument has been evaluated as a means for monitoring the
methanol concentration in the electrolyte in laboratory studies and for possibly
controlling fuel addition to a fuel cell. In essence, the analyzer operates by
measuring the peak current obtainable from a driven methanol microelectrode.
Earlier studies indicated that the analyzer exhibited good electronic equipment
stability with satisfactory short term electrode stability. Therefore work has
been directed toward selecting the best combination of analyzer cell electrodes
and analyzer cycle conditions in terms of accuracy and long term performance.

Part a - Operating Conditions

The basic analyzer may be adjusted to provide a wide range of reaction
severity conditions at the analyzer cell electrodes. Electrode performance studies
were made under mild reaction conditions (designated as A) very severe reaction
conditions (designated as B), and a compromise group of conditions, intermediate
in severity (designated as C). The equipment was operated continuously with
periodic checks of calibration stability and’ sensitivity to practical electrolyte
system impurities.

Cell conditions included various concentrations of methanol up to a maxi-
mum of 4 vol % in 30 wt % H3S04 electrolyte. All testing was carried out at room
temperatures betweén 24 and 27°C. Continuous stirring of the electrolyte was used
during part of the studies.

Part b - Cell Electrodes

Since the analyzer cell must be small and uncomplicated, simple platinum
wire electrodes were chosen for the initial studies. The 0.05" diameter wire
electrode surfaces were used as clean bright platinum or electrodeposited with
platinum black at levels of 5 and 10 mg/cm2, The working area was 1.2 cm2 for the
bright platinum and 0.8 cm? for the platinum black surface.

Part ¢ - Electrode Performance

Bright Platinum Electrodes

The small surface area of the bright platinum electrodes produced low
analyzer currents and was made even less effective by trace electrolyte impurities.
Methanol calibration curves could be established in fresh electrolyte solutions but
electrolyte from operating cells caused malfunctioning of the bright platinum
electrodes. Analyzer response to the methanol in these solutions was very poor,

Platinum Plack Electrodes -
Mild Analyzer Conditions "A"

Platinum electrodes with 5 mg/cm2 of electrodeposited platinum black
catalyst operating with mild analyzer conditions (condition A) provided a
methanol concentration calibration curve as shown in Figure C-20. A peak current
of 155 ma/cm? was produced by this analyzer condition at the 1.0 vol % methanol
level.
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Figure-20

Analyzer Calibration - Condition "A"
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Under continuous operating conditions, the relationship between methanol
concentration and analyzer current shown in Figure C-20was maintained for part of
one day and then began to change. After 72 hours the electrode performance had
dropped so as to provide only 63% of the initial current response at 1.0 vol % of
methanol. 1In addition to the decaying performance which started almost immediately
under these operating conditions, response to changes in methanol concentration was
slow. The methanol reepensc cf these electrodes improved to about 93% of the
initizl value by repcated cathodization and anodization. However, continued opera-
tion resulted in rapid loss of performance.

Platinum Black Electrodes -
Severe Analyzer Conditions "B"

Platinum electrodes with 5 mg/cm2 of electrodeposited platinum black
catalyst operating with severe analyzer conditions "B" provided a methanol calibra-
tion curve as shown in Figure C-2l. Under these conditions 1.0 vol % of methanol
provided an indicated analyzer peak current of 260 ma/cm?.
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Figure C-21

Analyzer Calibration - Condition "B"
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Response to changes in methanol concentration was rapid. After 48 hours of

operation the response to 1.0 vol % of methanol was 97% of the initial value. This
figure dropped to 89% at 72 hours and 73% at 96 hours.

Electrode performance continued to drop very sharply after 96 hours and
considerable black debris was observed in the electrolyte. This was in the form
of large pieces which dropped to the bottom of the analyzer cell and tiny particles
which could be found on the wall of the glass cell by wiping with white paper.
Inspection of the methanol electrode showed more than 40% of the surface to be free
of catalyst. The remaining areas of catalyst were cracked and eroded.

Quite similar electrode performance was observed at a platinum black
catalyst level of 10.0 mg/cmz. Initial performance was about 8% higher than that
obtained with 5.0 mg/cm2. However, performance decay and physical loss of catalyst
occurred over ¢ period of about 100 hours.

Catalyst loss was not evident during a continuous oxygen evolution period

of 36 hours. 1In addition, losses occurred under severe reaction conditions in an
unstirred system.
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Platinum Black Electrodes - Controlled
Sequence Analyzer Conditions ''C"

Platinum electrodes with 10 mg/cm? of electrodeposited platinum black
catalyst operating with analyzer conditions "C'' provided a methanol calibration as
shown in Figure C-22. A peak current of 175 ma/cm‘ was measured for 1.0 vol %
methanol. Under these conditions, response to change in methanol concentrations
is less rapid than conditions "B'. However; long term stability appears excellent
as evidenced by a continuing analysis period now approaching 300 hours of operation
with no loss in electrode performance.

Figure C-22

Analyzer Calibration - Condition "C"
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Part d - Methanol Analycer As A
Laboratory Operations Monitor

During the eleqtrode performance studies the analyzer has been used to
determine methanol concencration levels in some of the half cell and full cell
laboratory operations. Even though electrode stability difficulties were encountered
on a long term basis, sufficient stability was obtained with severe analyzer condi-
tions "B'" to provide good analysif of unknown samples. To limit the amount of
samples required from an operating unit, most unknown samples were run at one fifth
their initial concentration rather than attempting to work at a sample cell volume
of less than 100 ml. This required the establishment of a calibration curve in the
0.1 to 0.4 vol 7 methanol range as shown in Figure C-23,
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Figure C-23

Analyzer Calibration - Condition "B
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In addition to calibration points obtained beforc and after a series of unknowns,
two unknown samples are shown at assigned values of 0.14 and 0.15 vol 7 methanol.
The validity of these assignments was verified. by adding known amounts of methanol

0.1

0.2 0.3

CH;0H Concentration, vol 7

to the unknowns and observing their relationship to the calibration curve.
number of unknowns werc evaluated as shown in Table C-2.

Table C-2

Analyzer Performance - Sample Analysis

Analyzer Corrected for Known
Results, Dilution, Concentration,
Sample vol 7 CH30H vol 7 CH30H vol 7 CH30H
1 1.25 -- 1.2
Unit II 0.14 0.70 <1
Unit III 0.15 0.75 <1
Unit IV 1.3 6.5 >2
CHW I 1.05 5.25 >h
CHW II 0.2 1.00 <l
CHW III 0.39 1.95 2
3475-32 0.38 1.9 2
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There appeared to be good agreement between the methanol concentration values as
determined by the analyzer and known values established later. The analysis also
confirmed suspeeted reasons for operating unit difficulties, i.e. fuel electrode

failure due to low methanol concentration. Appendix C-30 presents a complete summary
of these results,

Phase 7 - Materials Of Construction

The screening of possible plastics for use in multicell systems was
initiated. Several materials were tested for both physical and chemical stability
and for possible harmful effects to the fuel cell catalysts.

Part a - Initial Testing

Polypropylene, an cpoxy resin, Viton, Penton and Lustran were examined.
In these initial tests, the materials were subjeeted to 4-hour treatments in
30 wt 7 H2S04. Samples of the materials were also treated with 2 wt 7 HNO3-30 wt %
12504 solutions followed by 30 wt % H2S04. The resulting 30 wt 7 H2S04 solutions
were used as elcetrolyte in performance tests made at 60°C with 1 vol ¥ Cli3Olt using
a platinum black on a 2 cm? platinum sheet electrode., The results werc comparcd
with standard solutions not subjected to testing materials.

Polypropylene, epoxy resin, Viton, and Penton proved satisfactory when
tested for methanol performanee. Lustran was unsuitable, showing a harmful influ-
cnce on methanol performance. Physically, Lustran, Viton and cpoxy resin showed
weight gains evidencing chemical attack by the eleetrolyte, Penton and polypropylenc
werc iner*, Detailed data are given in Appendix C-31.

Part b - Further Testing

In view of these sereening tests, a section of polypropylene was
installed in a half eell for further testing its contamination influence on the
methanol-12504 system. The section of polypropylene, measuring 1/16" thick by
4" square, with cireulation holes therein, was positioned in the clectrolyte
chamber. The half cell was operated at 50 ma/cem? and 82°C with 1 vol % methanol
in 30 wt 7 H2504. The electrode consisted of platinum black on an 80 mesh platinum-
rhodium screen. The polarization at this methanol electrode remained essentially
unchanged for 313 hours, the duratjon of the test, showing polypropylenc to be a
suitable construetion material. These data are highlighted in Table C-3.

Table C-3

Effect Of Polvpropylene On Methanol Anode Performanec

Run Hour Polarization, volts
3 0.51-0.53
48 0.52-0.54

216 0.48-0.54

313 0.50-0.56

54



SECTION 5

CONCLUSIONS

5.1 Task A, Fuel Electrode

Phase 1 - Performance And Preparation Of New Catalysts

The compensating effect of changes in Tafel slope and exchange current
upon each other, which acts to restrict the activities of a wide variety of catalysts
to the same region, has again been observed. However, several exceptions, such as
Pt-Ru-Fe,have been found and these are all more active than Pt. However, none is
as active as the P-type catalyst.

The technique used to reduce Pt or binary catalysts does not appear to
greatly influence the performance obtained. 1In a few cases slight improvements or
decreases in activity occurred, but generally no significant changes were observed.
Generally, there was also little effect upon the kinetic parameters of these cata-
lysts. The influence of changes in other phases of the preparation procedure were
also generally negligible.

It is possible to prepare catalysts with the same or slightly higher
activity than Pt which are less expensive. This has been demonstrated by the incor-
poration into Pt of a large proportion of Au and a smaller amount of Fe. A consid-
erable part of this Fe is leached from the catalyst and a Raney type structure may
be responsible for the observed benefits. However, further improvements in per-
formance and enhanced stability must be achieved before practical use can be made
of this approach.

Phase 2 - Preparation Of P-Type
And Modified P-Type Catalysts

The P-type and modified P-type catalysts continue to be the most active
fuel electrode catalysts. No new preparation methods have been found which give
higher activity than the original aqueous NaBH; reduction technique. Variations in
reduction agents, solutions, and other conditions produced only catalysts of equal
or inferior performance to the standard samples.

The method of storage of P-type clectrodes prior to use is critical to the
activity observed. The most suitable storage media are aqueous or HyS04 solutions
of CH30H or HCHO, which maintain the optimum activity even after prolonged immersion.

The modification of P-type catalysts results in materials of widely vary-
ing activities, depending upon the nature of the modification. However, the ordin-
ary P-type catalyst continues to be equal to the best of the modified types pre-
pared.

Phase 3 - Variable Studies
Using P-Type Catalysts

The performance of the P-type catalyst improves with increasing tempera-
ture, the activation energy indicating an electron transfer limiting reaction mech-
anism. The catalyst is also sensitive to fuel concentration up to a certain amount,
beyond which it is relatively independent of it. The value of thisthreshold decreases
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with increasing temperature, amounting to about 0.4 M at 80°C. ]

The F-type electrode can, under certain conditions, be operated for ex- o
tended periods of time with very stable performance. However, attempts at further
stabilizing the P-type electrode were inconclusive and additional studies are
necessary.

The presence of 02 or HNO3 reduces the performance of the P-type catalyst.
The effect of 07 is small. a saturated electrolyte reducine electrode output by
about 10 mv. However, HNO3 in sufficient amounts can reduce it by as much as 0.2
volts.

Phases 4 and 5- Performance Of Pt Electrodes In
Rhenium Containing Electrolytes;
Mechanism Of Pt-ResO7 Catalysis

Improvements in performance with Pt or Pt + Au electrodes and CH40H fuel
are obtained by adding small an. nts of Rey0; to the electrolyte. A similar effect
is achieved by predipping the electrode in a Re907 solution.

The Pt-Re207 - fuel interaction appears to be a surface redox process,
analogous to the Pt-MoO3-fuel system. Adsorbed Ret? is reduced by the fuel to the
+6 state, the fuel being simultaneously oxidized to €O, and HY., The +6 species
is then electrochemically oxidized back to +7, completing the cycle.

5.2 Task B, Air Electrode

Phase 1 - HNO3 Redox Performance
Using C-Type Electrodes

Improved performance of the HNO3 redox cathode can be obtained by using
a new C-type electrode structure in place of the conventional Pt screen. Thus up
to 70 mv benefit was observed with the new structure compared to an 80 mesh Pt
screen.

Phase 2 - Direct 02 Electroies

Active direct 02 clectrodes can be made by application of a mixture of Pt
and Teflon powders to a Pt screen support. Apparently the wetting properties of this
system are important, as shown by the influence on performance of the amount of Tef-
lon used. These clectrodes are not, however, sensitive to the flow rate of 09
after about twice the stoichiometric value has been exceeded. Although the direct
02 system performs best in HpSO; concentrations below the standard 3.7 M, total
cell resistance considerations might rule out the use of a more dilute, less con-
ductive electrolyte until less resistive cells are developed. Half-cell tests therec-
fore will continue to be run in 3.7 M HpSO0,.

The properties of Pt as a direct 02 catalyst can be changed by incorporating

other metals by means of simultaneous reduction with NaBH4. As yet however, no
significantly more active catalysts have been found.
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5.3 Task C, The Total Cell

Phases 1, 2, and 3 - Cell Design Studies: CH3OH-HNO3 -
Air Fuel Cell; Life Studies In The
CH30H-HNO3 - Air Fuel Cell; Per-
formance 0f New Electrode Struc-
tures In The CH30H-HNO3 Fuel Cell

Further improvements have been made in the design of a compact CH30H
cell. A long term test of over 1000 hours duration with a Pt fuel electrode dem-
onstrated that performance could be maintained for extended periods with only a
slight decrecase in performance. Furthermore, this decrease is recoverable by the
addition of fresh electrolyte. 1In addition, fuel chambers as small as 25 mils thick
could be used without either impairing CO2 release or decreasing electrode perform-
ance.

Testing of the same cell as a complete CH3OH-HNO3 - air fuel cell for 181
hours demonstrated that compatible operation (23 milliwatts/cm? at the terminals;
40 milliwatts/cm% neglecting IR) is obtainable. Furthermore, maintaining high
CH30H conversion rates by using either low CH3OH electrolyte tirculation rates
or operating at high current densities results in negligible CH30H losses and im-
proved HNO; regeneration efficiencies.

Additional tests using a C-type electrode structure at the cathode
demonstrated that further increases in power out to 44 milliwatts/cm? are attainable
in a CH30H-HNO3-air fuel cell.

Phase 4 - Laboratory Studies Of The
CH30H - Direct Oxygen Fuel Cell

Experiments in the compact glass cell have demonstrated that the P-type
catalyzed fuel electrode can operate at its expected performance levels in a
CH30H - direct 02 fuel cell. The results show that power levels of 28 milliwatts/cm2
are attainable at the terminals with good prospects of further increasing this value
to 40 milliwatts/cm?. In addition, the feasibility of operating two cells with a
common air chamber has been demonstrated.

Phase 5 - The Water Balance

The mathematical analysis of heat and water transport has indicated that
the water balance in a cell may be maintained by always removing in the air stream
more water than is produced and then using the electrolyte liquid level to control
the amount of water that is discarded. The analysis indicated that the temperature
of a cell and the rate of water removed will he relatively insensitive to current
density and would decrease linearly with increasing air rate and cell voltage.

Phase 6 - Methanol Analyzer And Controller

A reliable and electronically stable CH3OH analyzer has been developed for
use in the laboratory and for possible eventual use as a feed controller in a
multicell system. The unit and its associated electronics equipment are appropriately
compact and utilize relatively little power.
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Phase 7 - Materials Of Construction

A variety of plastic materials have shown promise for use in the CH40H fuel
cell. Of particular interest is polypropylene, which has been shown to maintain its
physical properties in over 300 hours of testing and causes no harm to Pt catalysts.
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SECTION 6

PROGRAM FOR NEXT INTERVAL

The work carried out in the first half of 1963 primarily concentrated on
the development of a compact methanol fuel cell employing the HNO3 redox air
electrode, and on iunvestigations aimed at improving fuel electrode catalyst perform-
ance with particular emphasis on translating these results into compatible electrode-
electrolyte systems. Research during the remainder of the year will center on the
development of impruved fuel and direct air electrodes with some increased emphasis
on the incorporation of these components into single and multicell systems.

The past and projected distribution of effort on each of these tasks are

as follows. The exact division of emphasis, of course, will depend on the rates of
progress in each area.

Effort Expended in 1963, %

Actual Projected

Task Title Jan-June July-Dec
A Fuel Electrode 35 20
B Air Electrode 22 30
C Total Cell 42 25
D Multicell Systems . 1 25

It is expected that these efforts will concentrate on the following
aspects:

6.1 Task A, Fuel Electrode

Since significant progress has been made in developing an improved
catalyst, compositing and testing of new catalyst systems will be carried out at a
reduced rate of effort. Further studies will primarily center on establishing or
extending the life of the presently developed catalysts. 1In addition, some work
will be carried out on developing less expensive catalyst compositions.

6.2 Task B, Air Electrode

The air electrode is presently the area where the largest increase in
cell efficiency can be made. Therefore the screening of new catalyst compositions
will receive greater attention. In addition, efforts will be directed toward
tailoring the air electrode structures to the requirements of the methanol fuel cell.

6.3 Task C, Total Cell

The newly developed compact cells have proven to be rugged and reliable.
These will be used in evaluating the performance of cell components in sustained
operation. Included will be studies of problems associated with feed introduction,
product removal, startup, and transient operation. In addition the cells will be
used to assess new materials and improve cell components.
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6.4 Task D, Multicell Systems

Work has been initiated on the design and construction of multicell units.
These units will be used to study the problems attendent to multicell operation,
especially in terms of their effects on the individual cell components. Particular
attention will be given to inventory control, temperature maintenance, and startup.
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SECTION 7

IDENTTFICATION OF PERSONNEL AND DISTRIBUTION OF HOURS

7.1 Background of New Personnel

Kenneth Lewis (Ph.D., Physical Chemistry, New York Univercity) joined Esso
Research and the fuel cell section in 1962. His doctoral research consisted
of an investigation of the effects of products produced by X-irradiation of
electrolyte cn the electrode behavior of bright platinum. His present work
involves imr-ovement of the air electrode catalyst.

Eugene H. Okrent (M.S., Chemical Engineering, Newark College of Engineering)
has been at Fsso Research since 1956 primarily engaged in long-range lubri-
cation research. This study evolved six published papers on radio tracer
research, lubrication of nuclear power surface vessels, bearing lubrication,
rheology, and surface phenomena. Prior to employment at Esso, he served in
the U.S. Army Chemical Corps and worked as a field engineer for the Committee
on Fire Protection and Engineering Standards of the National Board of Fire
Underwriters. His present assignment involves the solution of problems
involving heat and mass transport within multi-cell systems.

7.2 Distribution of Hours

The following are the technical personnel who have contributed to the
work during the reporting period 1 January 1963 - 39 June 1963 and the approximate
number of hours of work performed by each:

Carl E. Heath 374
Barry L. Tarmy 941
I-Ming Feng 960
Eugene L. Holt 473
Kenneth Lewis 480
Duane G. Levine 781
Andreas W. Moerikofer 914
Eugene H. Okrent 670
Joseph A. Shropshire 899
James A. Wilson 901
Charles H. Worsham 864

Total 8257
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Brepevative Solution, Moles. Liter
Salt

Palarlzation ve TYheor CHyOH ¢ Indicaty i cw’
o o K] 50 LY

Electvode Composition, Atowl KO, 10 30 1o »
P-Re 200 0.25 piCt; ., 0.2% Me 30, Ve 4 .98 L] 14 . 120
Puoag 280 0.25 XagPeCly, 0.25 Aghyy “
Pet 286 0.2y - o 0.23 Wy(Ny),; v ” k2 % »? (23 062
02> RuCly . 0.25 Rey0p - . .- .o e e
Sreke 208 0.2 32013 - - s e .ee e e e
Za-ke 20% 0.23 Incly - - . . .- .ee oee
webo 29) 0.2% WALy . 0.2 FeCly N .ee .- .- cee -
Trens ey 0.2 1rChy . 0.2% ¥acly - & 3 . o o or
Au-fte 79} 0.08 HULly . 0 2 Key0y - .- .- . . .. oo
Aske 299 020 % Lo0.m" - .ee oo -
Auske 296 [ “ o .- o oo .ee .
AvRe 797 023 - L 02y - As 7 n » .ee .-
Aue 299 0 " Loen" - . ... o
Precr o0 0.2% ¥a3PiCly, 0.33 Cr(Ac)y N w 3] - XS -t sod
Prezn y01 0.2yt 0.2 2ecly - 3 B 5 s? b ass
Al 307 .M L, L 0.2 Rey0y - .ee e - .. cee e
Av-Re 103 0.2 % 0.n" - e oo . oo e .
Ptoso 304 0 2% Xa2PiCle. 0.25 Skl N » - st » o% s
Ptedu 3D PL-30 8, Au-)) 2 0 &t o 010 MACL,, - s - b1 ALl 3 U]
Precu M) Preds 2, Cusd) R e 018 €uCly - w . » e . iy
PteCy 312 Ptode b, Cu-dd s 1 TSN - - s s? ~ oy one
Ptocu 318 Piois 6 Cuel & oNn "t L0300~ - - 4 * . o 1o
Pece e Coelos o0 v - - .0 Rt . .
[ R 1T o0 = - Bl . B Se i onl
A 3e o0 - - s6 a1 N ey B w00
reea 10 W TI o0 L - -el ! w 4
LTI H 0,50 v - Bl By 5 Rl o L0e)
rroXe 322 PL-%). 6, o0 - o e ht - ™ (T} o
rroxe 323 S LY B 1) 0 ot KY) it} o6
LRV P, e L T - " . 50 ) a» 01y
Proky 4l [ 2 0.10 K1y LRI R
O RSH o Vo B 0 .
Ptoky o) oo RIS -4y S -
Tk aie 1 V0.8 S
[ R » W 080 . o
Proau Wl Pont, Rued) " e
Prone L0 wes v g0 .- L4l
PRy 429 0.0yt b i e A R
Ptodu ) n.a8 . . DR - 1 Iome) Lar
LA ] L= o 1% “ s 4o "
FtoR 436 0,125 L TS ReCly " . 3 .4 B
Pe-Ru: Fe 439 7T 00 0 Fecly " - L4t 47 B B
PL Ru- Fe 46l a.01 070 %, 0,07 v .- ER PR

*ALY runs in 3.7 M OHpSO, - 1 M CH30Il at 6°C with pr

electrodes

unless oiheduise Buto .

65

Semirks

™ sty

LN

LI

LN LTI

o stivite

no stratts

I

" sctivets

™ottty

LTI

e stivers

o Tagy

Fe Stasolved

tegion ahacte.

<% volte poiatization at

we

) wwlte p
et

Ia tzation at

salues at 20 ma cm’ taken

at Yo valte potaes
Fatton ofter additien ot
00wt ey
Run th o ¥ HeSiy 8w
CHyM . W'
THONSO, RS W Gy
$0°C, Thiateal Histure @)
TC and N
L% HISO, e N Oyt

e

MOS0 CyoN -
MC, 1 volts polatiratios
Ater adoition ol 0 0wt
oy
LK HaSO, - 0% M CHyol -
WL 6) veits potartration
ter nddition al 0 2 w
N0y
IM Hp80, - S M Ol -

90°C, addition ol 02wt
WMy caused no further
rolarization

T M HpS0, + 005 M riyom -
0

UM p50, 05 M CHyoN -
80°C, 97 volis polariratlon

after addition of 0.2 w
WAy



redtald
Ul THETT Y118 pednpas
18430
14439 8] uwojsuadsns
THITN 431A pednpea
Pappe 23w 390w
PEAL T A | *D,08 v
*W0lID sqv up padnpas
utu W paisey
Poppe In(q Sud|Ayloe
230 7 *D,0¢ o
*wotio squ ©l pasnpay
2,08 3w
HOTHD sqe ©f pasnpas

2,002 1* Jiv uj uje
01 103 pPatap ‘0l
uf pasujl apoijdags
U-O W pIINPII
2,081 W ajv uf um
0l 30) patap *oly
up PaIsulI spoiire(s
2,0 1 peonpay

2,001 ¥ 2jv uj um
01 203 pajap*oln
U} posUTI IpoIIII|e

2,82 I¥ parvad ® padnpas

I pasnpas

W pasnpay

De§L- W

uoHiw Japun poil
=33]2 0140 pammasd
*wotin sqw up pasnpas
Pappe (uoadim 1)
dapnod uo()ar ¢ Im of
*HOGID sqv up padnpas
Wolio sqv uj pasnpas
HotiD sqe ujp paanpay
Ig 2and uy pagpuwy
*HOTHD sqv ug pasnpas
uoXiv uf pagpury
*HOtHD sqe uf padnpes
2,80 3w
194 000§ I poil
=321 0lu0 passaid
*Hoti sqv up pasnpas
154 005 ¢ poidsers
©lu0 passaid
‘wolHD 3qr up padapay
2,8~ 3" 2poardage
©o3Lo pamvaad
"HOtHD 3qw u} pasnpas
uo¥iv lapun
194 C00g I spoay
=33]9 oju0 pawmaad
*HOTHD sqv ut pasnpas
s1sydsomiv  uotaw
U] patpury I1skvaw>
*Hotw) sqe of pasnpas
HOUHD 3qr u] padnpas
wotio
IN{CAQE uf pPaInpal
1wy FujInpes sdiy-q
Yita suridoy Ul padnpas
notio
SIN[ONQY U pasnpas

™ TR T R EEY E
uo ByIvesy

suoywivdesg 1sA[vINy
uo syicmey

cve
AN

~oo
PR

-
oo

%0°0
[{:M]

900
°0°0
£0°0

q

$L°0 1970
$€°0 150
o 150
80 £5°0
90 150
95'0 150
80 €50

%$°0  I$°0 90

€0 2670 1570
1$°0 $$°0 050

19'¢ 90 %570
850 9%°0 %50

19°0 9$°0 %0

001 __"6¢ [T
MO/ve paIvIjpu
© Wolip aosyy

A uolaezlaviogd

(3]
i) - $00°0 . $20°0 L3
[} £00°0 - $Z0°0 9
0 . $00°0 . $0°0 <
z°0 «  $00°0 “ $0°0 ¥
o " £00°0 - $0°0 <
0 €124 52000 - $70°0 z 24-34
kAr4 « $10°0 - s10°0 veE
”z - S10°0 - 1070 |4
kAE 4 $10°0 .- §10°0 ¥t
vz $10°0 . $10°0 7€
L34 ~ Stoco . €10°0 o€
27 “ 100 . s1o°¢C €t
L34 . $10°0 - $10°0 veg
L2384 710nvH S10°0 . $10°0 o ny-24
0t . €20°0 0z
0y - $0°0 ol
0 - lo°o 81
01 « 99070 391
0°1 . 99070 091
0°1 « 99070 291
ot . 9900 91
[ 99070 ¥91
$0°0 i £00°0 det
$0°0 . £00°0 361
$0°0 . 50070 an1
00 “ $00°C a€t
€0°0 [{30) Yel
1o 200 t
oo *91234%H 50070 1t
050 4pagur 71334 ol1°n ot
050 9132428 5070 t 4
TS SIvS TSoiv uoTaTsoduoy o8 Spoiiseil
131f[/9a(0m TuCTIN|Ogs Iafivirdadg uny

SISATVIVD GIDWT IGTIAAAONDE 40 SITQUS NOTIVEVATd

¥ X1aN3ddY

66



“Palou 2ugAsnI0 wastun 3,09 3¢ #OEID K 1-T0sTH K o€ U1 swna (v e
S1ed Onu2-n00t v 119534 YI1n pagseg $U32138-2¢ W3 7 x W) 7 ojuo Pasvaad Ishivar>
‘KL 02 oy 2ajjng 2I®230) parou osiarmgio ssotun qinz YITa dunjviodes) woos e UGEINIOT JaJIrG LOT 03PISIE wNOsndE uissopIrivdoad asdiears [y ¢

2,091 v ijw .N.-
Vi 07 305 patsp ‘g

Ul pISULI Sposiaeta 'T 40°0 $§°0 %' ev-0 (324 sZitooo * .. 6o0to'g * »010°0 [ 344
$da3s Juesan>
Fyee2123p yaia una (374 (16 ¢50 260 ¢v0 Sz - §tltoo'o * eo0lo'g * . 6010°0 vze
340 W padnpaz  og {0°0  $¢°0 I$°0 om0 § ~ §2itoo'0 * . 60100 * 601070 @S 94 ‘T -y ny *{-yy 22 13
2.0 w pampas ;o9 0°0  65°0 50 50 99-1 - 991000 ¢ Stoo'o ¢ . $¢00°0 oy
21¥313w pe)
T g
e0 W PI3Npal g9 [0°C  8§°C 950 15°GC  oa-| . 9%logo * Stooo ' . SL00°0  wtw 94 '8y WY ‘Geyn 4 gy
2,0 W uoringes
dayng = iryIydigey
WALL:0 UT Padnpas  mg  60°0  ®9°0 %90  I5°0  99°1 . 9910070 ¢ Stoo'o ¢ . SILO°0 L9 34 ‘9 g By *9iyy a4 3]
e W peanpas Ro'w IS0 90 evu kM| e 99lwco L Stwco slwto "
2.081 v 31w ui
ulw 7 30) patap -gly
I PasUTI aposrsegs 7 wro €0 (770 1324 . GLI00T0 ' . 96110°0 * ., 95160 ote
.62 w
Sinoy 91 soy Yosiy
Y€ w3 pasoas aporizaga 60°0  $$°0 €S0 (%0 (544 . $i%100°0 ¢ esitero * stio-o q1¢
sdo3n juasand
Uuises139p yaga una 2°7 600 960 %60 9y [32 » $48100°0 * .. 9110°0 ° ., 91100 vie
2.0 3 paWPos  7°9 400 950 €5°0 gn-0 (34 - SLBI00°0 * W 9611070 ° | 9g110°0  °% 44 *yesm ny ‘gegy 3g €

091 3% 23% u ugw
01 39) pajap ‘g°n

Ul posuls apoazsegs 67 600 090 50 o050 (¢ ~ 96000 * 7300 ¢+ ==10°0 vot
2.0 30 panpas g i6°0 (5°0 %50 e9'0 (UM . %8000 * w100 ¢ 910 0 77 24 (rey Ny ‘frey 14 o
Spawa 2

d40) s3wsaan> snojiea
T uns 3posIaye (a4 71°0 890 €90 250 et - ®o0'0 ° f€910°0 *© ., €910°0 (124

LW ¢ JO0F A 2o 2
P¥xjpour apoaidaps 3 §0°0 65°0 9¢0 o050 $8°C » ®%00°0 * o0 ¢ €900 6

vim ¢ 305 A Z2°0g- W
PTIPOYITY Sposrse;s 3 900 %0 9’0 670 gy -~ 95000 ¢ o0 * €910°0 %67

3,09 v sinoy
91 305 %08y  z¢
81 paodv posrdas 09 900 65°0  $5°0  0¢-0  gu-g . 9%00°0 ¢ . 100 ¢ . 9100 Yoz
2inwaodma) woa
¥ xoam | a0j gfy

YT poi03% opoardage 3,0 ¢ padanpaa 09 o0 i5°0 $5°0 6370 s8¢ - ¥$00°0 * 91070 ¢ . £910°0 €°9 24 “e°0e 0y *sogy 3y LT4

1oy gy 30) wa/wm g . <L °
30 und *poiIoye s 800 te:0 0 05°0 s8¢ " #too-0 ¢ {100 * 100 Y82
2.0 W padnpaa 1M ] %o $s°0 %0 970 R - f%too-0 * o0 * tzto-o 1°6 34 *oorz vy *oogn 24 k24

$in0Yy gy o) wasvm gg

v und poI ISt <°s #0°0 65°0 {50 150 ¥t .- 61000 ¢ {R10-0 * .- 6100 viz
2,0 ¥ pasnpas (341 %0°0 50 ”%°0 &7°0 8t - 61000 * w00 * - 900 170 24 *g'gwy ny *grge 3g 14
o< 00 090 5o %0 -t w {20000°0 * o{10°0 * 6€10°0 e

2,09 W sanoy
7L 395 sly K ¢ ¢

Y1 pPad03s apoardafs 7°9 {00 &¢°G¢ 950 {50 et ~ {20000 * . s$€to-0 © $€10°¢ A4 14
9 0°0 %0 §¢°c 0% t1 120000 * L SLI0°0 078 24 ‘Cone Y cgegn 39 g7
2,06 I pa3npas  wrm  40'0  HS'0 850  a9eo [N $Zoo'o * . - $2100°C w7
s§dam 7
a0} oIy vl pasols 09 40°0  95°0 950 w0 01 o €{00°0 * stloo * - £2100" ¢ Yez
W pANpas  peg BO'0 {50 S0 050 [ .  $200°0 * szttoro ¢ s2ttoo ©
2,091 1 aiv uy upm
01 405 pajap *gly
YT PasuULl spolrdegs 9°%  80°0 90 150  ¢ueo 01 - §200°0 * . gzlioco ' . sZtto” \£44
2,0€ ¥ 203 1-¢ 900 H§'0  §6'0  my-C ot ~ $200°0 ¢ . sZitoro * sitto e
2.0 W padnpas  yog 0°0  9¢°0 %50 @90 0't €124 €200°0 *71D%VH §110°0 *91234Zn sZ110°0 1z 2d-0v-1d
suonvivdaigyaTees T T 001 [ o1 "marx BITTS TTTEEW weTiTiedees T Ten 3po313313
Ve unavmay Boy. B3 va pajeosipuy 431t vatom TGoTInGg SATIV IT Ja1g uny
= HOTH) Joayy
A woICRLaN jog
(0. 1%02) TV XTaNTddY
—

67



APPENDIX A-3

PERFORMANCE OF P-TYPE CATALYSTS
et 3o CATALYSTS

Polarization vs Theor. CHyO0H

at Indicated ms/cm?
Catalyst 10 50 100
P 7 0.47 0.59 0. 64
7 0.46 .- .-
7 0.53 - .-
7 0.40 0.47 0.50
7 0.39 .- .-
? 0.27 0.35 0.38
? 0. 56 0.60 0.62
? 0.44 0.50 0.54
7 0.41 0.49 0.53
7 0.47 0.53 0.56
7 0.37 o -
7 0.38 . -
7 0.30 0.38 .
? 0.32 - .-
? 0.31 -- .
? 0.32 = -
? 0.34 . .
? 0.34 - .-
? 0.39 - --
7 0.47 .. .-
7 0.44 &3 .-
7 0.47 = .-
7 0.38 0.44 .-
? 0.39 - .-
? 0.37 -- .-
7 0.36 -- -
7 0.33 -~ ..
7 0.39 -- --
7 1.40 -- .-
7 0.40 .- .-
? 0.38 .. .-
7 0.46 .. ..
? 0.40 .- .-
7 0.34 .. .-
? 0.39 .- .=
7 0.37 -- .-
7 0.39 .- .-
7 0.35 .- .-
7 0.39 .- .-
? 0.36 .- .-
? 0.39 -- .-
7 0.38 .- .-
18 0.33 - ..
18 0.36 .- .-
18 9,38 .. ..
18 0.36 - .-
18 0.36 .- ..
18 0.35 -- .
18 0.34 . -
18 0.36 - .-
18 0.34 -- -
18 0.37 0.43 .-
18 0.35 -- .-
18 0.47 - .-
18 0.41 -- .-
18 0.34 -- 0.44
18 0.32 .- .-
18 0.32 0.40 0.44
18 0.32 .- --
18 0.34 - .-
18 0.33 - .-
1] 0.28 0.37 0.43
18 0.37 .- .-
18 0.37 .- --
18 0.30 -- --
18 0.39 - -
18 .- 0.29 -
18 .- 0.31 --
IR -- 0.3 -
18 - 0.44 --
18 0.40 .- --
18 0.38 .- --
18 0.32 -- .-

Remarks#

0.1 M HCHO added, 25°C
28°¢

1 M HCOOH
physical mixture of cstalyst
electrodeposited

Pt black added to catalvst

stored in electrolyte 16 hours before running
stored in H30 16 hours

stored In 3.7 M H3804 16 hours
stored in 1 M CHION {n H20 21 hours
stored in electrolyte 23 hours
stored in Hy0 2 days

stored in 3.7 M Y2504 2 davs

stored in H>0 4 days

stored 1n 3.7 N H250Q4 & davs
stored in Hy0 7 days

stored {n 3.7 M H2S0; 7 davs
operated 3 days

operated 1 day

stored in Hy0 16 hours

stored in eiectrolytc 16 hours
stored in H20 40 hours

stored in electrolyte 40 hours
stored in Hz0 6 days

stored in electrolyte 6 days

stored in H20 2 days
stored in | H CHJOM {n Hy0 2 days
stored in Hy0 4 days
stored in | M CHJOH in H20 4 days
stored in Hy0 7 days
stored {n 1 M CH3ON {n Hz0 7 davs

stored in Hz0 2 days

stored in H30 6 days

stored {n Hy0 10 days

stored {n 1| H HCIIO in H20 1 hour

stored {n 1 M fiICNO in H20 2 davs

stored in | H HCHO fn N30 6 days

stored in | H HCHO in W0 10 davs

0.9 M CHy O + 0.1 W HCHO

0.5 H H2504, stored sn | M fiCHO in 120 2 days
reduced with 0.5 wt % Ha 8H4, non-steady state vslue
1.0 we % NaBHy, non- steady state value

5.0 we 7, NaBlg, non- steady state value

10.0 wt % NaBiy,

2 W Clol, 90°n

6 H H2504-2 H CH30M, 100°C

6 W HyS04-2 H CH30M, 90°C

H HzS04- 2 M CH3OM, 80°C

0 wt % NaBl,

5 wt % NaBMy

0 wt 7 NaBH,

9
1.
2
5

* Al runs in 3.7H WS04 - 1 H CH3OH at 60°C with pressed electrodes

unless otherwise noted.
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APPENOIX A- CONT'D

PERFORMANCE OF P-TYPE CATALYSTS

Polarizstion vs Theor. CH3O0H
at_indicated ms/cmd

Catslyst 10 50 100 Remarks¥
p 18 0.35 -- -- 7.5 wt % NaBHg
18 0.37 0.43 .- 3.5 wt 7 NaBH,
18 0.37 0.43 .- 4.5 wt % NaBhy
18 0.36 0.42 -- 5.5 wt % NaBH,
18 0.36 0.43 .- 6.5 wt 7 NaBHy
18 0.25 0.36 .- 7.5 wt % NaBHg, 90°C
18 0.36 .- . 5.0 wt % NaBHy
18 0.30 0.35 -- 5.0 wt % NaBH4, 1 M H2S04 = 0.5 M CHyoH, 90°C
18 0.37 -- -- 5.0 we % NaBHg, 1 M HS04 - 0.5 M ci3OH. 90°C
18 0.22 0.29 .32-.41 5.0 wt % NaBHg, 1 M H250, - 0.5 M CHyOH, 90°C
241 vslue with 0.2 wt.% HNO, ﬂdd(‘3
18 0.35 .- .- 5.0 wt % NaBH,, unpressed
18 0.37 0.43 .- 5.0 wt % NsBH;, washed twice in H20
18 0.32 0.40 -- 5.0 wt % NaBH,, washed twice in 3.7 M H250;
18 0.34 0.42 -- 5.0 wt % NaBHg, waahed once in H30, once in
3.7 M H,S0,
18 0.29 0.36 .. 5.0 wt % NaBH;, waahed twice in H20, twice in
18 3.7 M H3504, once in Hy0
18 0.38 0.45 .- 5.0 we % NaBHg, washed once in 3.7 M H3S0,
18 once in H20
18 0.37 0.43 .- 5.0 wt % NaBH,, waahed once in Hy0
18 0.39 0.46 -- 5.0 wt 7 NaBH,, washed once in 3.7 M H3S0,
18 0.36 0.43 -- 5.0 wt % Na8H,
18 0.39 0.45 .o 5.0 wt % NaBH;, reduced at 2°C
18 0.35 0.41 .- 5.0 wt % NaBHg, reduced at 25°C
18 0.36 0.44 .. 5.0 wt % NaBH,
18 0.33 0.41 .- 5.0 wt % NaBHg, NaBH; solution added to salt
18 solution
18 0.38 -- .. 5.0 wt % NaBH,
18 0.36 .- .- 5.0 wt % NaBHg, washed twice in Hzo. twice
in 3.7 M H2804, once in Hy0
18 0.51 .- .- 5.0 wt % NaBH,, reduced in acetate buffer
18 0.35 .- .- 5.0 wt 7 NsBHg, NaBH; solution added to sslt
solution
7 0.30 0.49 0.60 1 M HCHO, 82°C
7 0.20 0.30 0.40 1 M HCHO, B2°C
7 0.30 0.44 0.52 82°c
7 0.32 0.45 0.52 82°C, corrected for IR
7 0.38 0.44 0.51 82°c
7 0.45 0.53 0.56 82°c
7 0.44 0,64 -- 82°C, catalyst stored one week prior to use
7 0.26 0.36 0.41 82°c
7 0.26 0.36 0.41 82°C, NapWo4 added to electrolyte
7 0.40 0.46 0.50 82°c
69 0.47 0.54 0.57 82°c
70 0.44 0.50 0.55 82°c
7 0.40 0.49 0.56 40°C
7 0.32 0.40 0.45
7 0.26 0.3 0.58 8o°c
7 0.25 0.3 0.39 82°c
7 0.21 0.34 0.40 82°c
7 0.38 0.46 0.50 82°C, 0.5 M CH3OH
7 0.44 0.52 0.56 anodized at +!.5 V vs Hy approx 10 seconds in
3.7 M S0, 82°C, 0.5 M CH40H
7 0.26 0.37 0.44 increaaing loads, 82°C, 0.5 M CH30H
7 .28 0.38 0.45 decreasing loada, aame clectrode as ahove
82°C, 0.5 M CH3OM
7 0.30 0.38 0.45 with 02 aparge during run, 07 flow atarted
10 minutea previoua to run, 82°C, 0.5 M
CH30H
7 0.27 0.37 0.42 82°C, 0.5 M CH30H
7 0.30 0.40 0.46 82°c,
7 0.31 0.39 0.45
7 0.30 0.38 0.45 H2804 pre-electrolyzed for 1 hour
7 0.30 0.38 0.45 H350,4 not cleaned
7 0.24 0.34 0.39
7 0.27 0.34 0.39
7 0.27 0.35 0.39
7 0.27 0.35 0.38

* All runs {n 3.7 M H3S04 - 1 M CH30H at 60°C with pressed electrodes
unless otherwise noted.

69



- e

‘P330u 2sIM13Ylo sSITUN D,09 I HOEHD W 1 pue %0SZH W £°¢ ujg P23s33 pue 1sd 000Z-0001 3® passaid sapoiIda[a 11V x

2poa3dala
330 A1312ed payery 3s£1e3ed 0,0 I QZH UT padnpaa 9°2 seL°o §6°0 9%°0 Sy 9L 4
0,08 3® pa3isa3 adurwiojiad 1°2 I¥"0 S%°0 1%°0 %E°0 viv
0,0 3%
(K 6°1) uoranjos 13JInq 23e3I3dE Snoanbe uy paosnpaa 8°2 01°0 1$°0 (%°0 6£°0 1% 7L d
0,08 3 p2a3isa3 aduemiojiad 0°¢ I1°0 9%°0 2z%'0 €£°0 voy
0,0 3%
(H ¢°1) uol3njos 1333nq 2383238 snoanbe uj paonpaa 6°2 01°0 1S°0 (%°0 6£°0 o s d
3p0132313 jjo K13aed pajeyj 3IsA1e3ed ), cu]
e 116 Ul uyw G I0J P3aTApP ‘123em Ul pIsurx 3Ipoi3dITd Z°€ 11-o LS°0 8%°0 vée
2,0 ¢ OTH up paosnpaa z°€ 11°0 %S0 9%°0 6t
0.5 3°®
i3e Ul ujw Q] 103 PITAP ‘333Bm U PISUTL 3POa3IIII £y 60°0 %S°0 9%°0 vge
2,0 32 0lH uy paonpaz €% 60°0 %60 9%°0 8¢
0,0 3¢ (H 6°1) 123Inq 33e3ade snoanbe uy pasnpaa 9°¢ 01°0 8S°0 €S°0 9%°0 LE
0,0 38 (H §°1) 21333nq 2a3e33de snoanbe uy paosnpaa 7€ SOI°0 09°0 SS°0 9%°0 9¢ L d
3dXL-d PATITPOH
2,06 38 OZH ut pasnpaa 9°1 %1°0 06°0 S%°0 9€£°0 k4
0,0 38 OZH ur paanpaz (A4 110 %$°0 9%°0 £y
Lz SIT°0 6S°0 €S°0 %%°0 vy
0,0 38 (W ¢°1) 1233nq uor a3e3ade snoanbe uy pasnpaz Lz SI1°0 960 0S°0 1I%°0 A4 9 d
‘0,62 I® oumy3zakxoyjowrp ul 3Jualear adA3-T yiim pasnpaiz o°11 90°0 29°0 (S°0 L1 €L d
‘0,62 3I' aueyjakxoyjawip up Juafear 2dA3-T yiim pasnpaaz S € €1°0 89°0 %9°0 €S°0 as1
‘0,67 3' duey3laAxoy3aWIp uy Jua¥eaa adL3-T Yyijs paocnpaa 9°t 11°0 %S°0 1S°0 %%°0 vel € d
¥8d 000¢ 3B passaiad apoildalad
‘0,57 3® asuey3lakxoyiswip uy JuaBeaz adL3-T yarm padnpaz 0°9 €L0°0 £S°0 %S0 6%°0 71 L d
duyssaid a1o03jaq sAep Z 103 OZH ur paiols €J,Gz e
HOEHD a2antosqe up YHgeN jo peaisui 7HaM Yiim padnpaa 6°¢ L0°0 9G6°0 €S°0 8%°0 8
2,67 3' KOPHD 23Injosqe ur 7ugeN Yirm padnpar 1oy 60°0 6S°0 €S°0 9%°0 L Lt 4
ET: LR
xS)aeway O1 Jo1- q 001 0% 01 2aqumy IsATe3ed

W2 /ew pajed1pul uny

© HOtHD 203yl
SA uoyjEZIaER]Od

SISATVLIVD 3IdAl-d QITJIQOH QNV 3IdAL-d 40 SIIANLS NOIIVIVATId

%7-V XIANIddvy

70



APPENOIX A-S5

PERFORMANCE OF MOOIFIEQ P-TYPE CATALYSTS
—_— e T e TR CATALYSTS

Polarization vs Theor. gugou

Catalvst o 350 100 Remarks *
P 61 0.40 0.50 0.53
29 0.50 0.58 0.61 22.5°C
0.34 0.42 0.45
0.31 0.40 0.43 80°c
32 0.25 0.33 c.41
0.18 0.29 0.36 80°c
45 0.51 0.58 0.61
54 0.406 0.53 0.56
58 0.38 0.49 .-
63 0.54 0.61 .-
63 0.41 0.51 .-
64 0.53 0.62 .-
34 0.36 0.46 .-
3 0.40 0.48 .-
30 0.35 0.44 .-
28 0.43 0.51 -
33 0.45 .- --
27 0.42 0.52 -
56 0.35 0.44 .-
57 0.41 .- --
53 0.33 .- -
55 0.42 0.50 --
59 0.43 0.50 0.53
60 0.36 0.47 0.50
65 .- .= - no sctivity
66 0.43 0.50 0.53
ot 0.36 .- --
29 0.43 .- --
32 0.31 = -
54 0.46 0.52 0.56
52 0.44 0.49 0.58
29 0.43 .- 0.56
36 0.42 .- --
13 0.42 .- --
32 0.41 .- .-
39 0.38 -- .-
38 0.41 -- --
34 0.35 .- .-
&2 0.36 -- .- stored in electrolyte 3 days
40 0.37 .- -- stored in electrolyte 3 days
» 0.53 .- .- stored In electrolyte, lost catalvst
44 0.38 -- .- stored in electrolyte 16 hours
43 0.41 -- - stored in electrolyte 16 hours
42 0.47 - .- stored in electrolyte 16 hours
39 0.40 -- .- stored in electrolyte 16 hours
40 0.38 -- -- atored in electrolyte 16 hours
4l 0.40 -- -- stored in electrolyte 16 hours
43 0.34 .- - stored In H20 16 hours
43 0.36 .- -- stored in H20 16 hours
46 0.37 .- -- stored in electrolyte 16 hours
48 0.34 .- .-
51 0.40 .- .-
a7 0.38 .- .- stored in 2 M CHIOH in 3.7 M H2804 1 day
49 0.38 - --
50 0.38 - .-
3 0.37 =z --
35 0.40 -- --
23a 0.42 0.50 .- reduced with 5.0 wt 2 NaBii
23 0.40 .- .- reduced with 5.0 wt % NaBH
23 0.35 od] --
67 0.40 0.48 .-
68 C.44 8.32 .-
67 .- 0.36-0.72 -- 0.72 value after addition of 0.2 wt % HNO3
1M H804 - 0.5 M CH40H, 90°C
32 0.38 0.47 0.53 82° C, potentiostatted
32 0.2 0.3 0.44 82° C, 1 M HCHO
32 0.24 0,44 .- 82° Cpotentiostatted, 1 N HCHO

* AR runs in 3.7 M Hz50, - 1 M CH3OH at 60° C with pressed electrodea uniess otherwise
noted.
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Current Density, ma/cmz, at

0.4 Volts Polarization

APPENDIX A-6

TEMPERATURE DEPENDENCE OF CH30H
REACTION ON P-TYPE CATALYST

100
_ T i T T T
L 1 M CH30H _
L 3.7M Hp50,,
L Potentiostatted at 0,4
50 Volts Polarized From
—0 CH30H Theory ]
200 — —
10— —
= AER ~rl0,2 kcal/mole _
50 =
| | | |
2.8 3.0 3.2

1/T x 103 (og°ly
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APPENDIX a-7

EFFECT OF CH30H CONCENTRATION
ON PERFORMANCE OF P-TYPE CATALYST

Current Density,
ma/cm? at 0.40 Volts Polarization From Theoretical CH30H

CH30H Conc, 40°C 60°C 80°C

moles/liter 02 No 0, 0 No 07 02 No 02
0.14 3.2 4.2 13.2 12.7 30.5 31.5
0.27 4.5 5.2 17.5 16.7 39.5 45.0
0.41 6.5 7.5 21.5 20.5 46.2 52.5
0.54 7.0 9.0 24.0 22.7 52.5 57.5
0.68 8.5 10.7 25.7 24.0 55.0 58.0
0.81 -- 11.5 28.0 26.7 57.5 --
0.94 -- 12.5 29.5 30.0 61.2 67.5
1.06 -- 12.7 31.0 31.5 62.5 --
1.19 -- 14.0 31.7 32.5 63.7 --
1.32 9.7 12.5 32.2 34.0 63.7 72.0

73



TL

*pP23BOTpPUT 3STMIAYJO

*pa33jwo aae
ssatun 70s¢H K

uoyjeanp sanoy ¢z ueyy ssa] Jo suny
L*€ pue HOYHD W T 0,28 38 suna [lv

2,09 sanoy 0g¢
103 una - fep ® 3duo pa3IFNIITd uadg uMop 3INys -- -- 990 %0 %0 90 0S 81d
3,09 sanoy Q1¢
103 una - Kep e 3duo pa3IINdIId uadg uMOp INYS == -- I¥°0 1%°0 190 1%°0 0s 81d
‘92INTIEBJ Jo Isned arqyssod ssoy
HOYHD - Aep ® 20uo pa3yndayd> uadp  sanoy g/g T 6£°0 8€°0 LE°0 9€°0 S€°0 0S Lt d
‘fep ® 3duo d3s Q¢ 103 pPa23Inda1d 8uyjeaado
uado - Y0M’H yaim p,3es 23410139313 117138 -- 0%°0 8£°0 9¢€0 9¢°0 1£°0 /]9 Ld
sanoy Q0L . TT %0 190 I%'0 0%*0  (€°0 (119 L d
*Aep e aduo 538 of 103 pPa3IN2a}O
uado - YOMZH YIIM p,3es 33K[0a30313 oot > -- -- -- -- 0v°0 €££°0 oS Ld
‘Aep ® 20u0 238 (¢ 103 pajnNdIITd
uado - YOMZH Y3Im p,3es 23410139313  umop INYS  0%°0  6£°0 Le°0  9€°0 LE°O0 %E°O 0S-8% L d
‘Aep sanoy 0z01
€ 3duo 23s Qf 103 pa3lINV1Id uadp umop 3Inys S%°0 S%°0 %°0 <70 1%°0 8€°0 8¢ L d
sanoy ¢y -- == -- == 6£°0 €0 8¢ L d
2aNTIe3 TEeITUBYIdN -- . - - - €5°0 %0 8¢ / d
sanoy 917 -- == 6£°0 6£°0 O0%°'0 9€°0 0s L d
001> == t == 6£°0 0%°0 %£°0 (]9 L d
sanoy g8g8¢ -- == I%°0 %£°0 €£°0 0f£°0 8¢ L d
$jaewady aanired 0001 00¢ 001 0S ST 1 uwo/ew  3sAteqe)d
Jo auwil SaNoH paledIpul 1333y uorjezraejod ¢£31suaq
juaaan)

SISATVIVD 3IdX1-d - SIS3l 3dI1

8-V XIGNIddV

74



Cstalyat

re(*)
Pe(*)
Pe(*
pgin;
reis)
pe(*)
Pe(s)
pels)
rria)
res)
coom']
Pt Slack
prs)
Pels)

pela)
pe(®)

pels)
Pt-Au (*)
PLeAu (%)
PreAy ()
PreAu (+%)
P

pris)

e

Pr-Au (W)

PL- Au (*¢)

Plstinized

Pt
Platinlzed
rt

Re207

Fuel - Conce moles/11ter
1 M lcuo 2 x 1072
1M CH3OH ¢ ox 1072
1 M CMyoH 2 x 1073
1 M CHyoH 2 % 1074
1 M cHyoH 2 x 1073
1 M HCHO 2x 107
1 M CHyoH 2 x 103
1 M HCHO 2 %103
1 M CHyoM 2 % 1004
1 M aoiyon 2 x 1073
1 M cHyon 2 % 10°%
1 M cryor 2 x 1074
1M oiyon 2 x 107
1 M CH30H 2 x 10°3
2 M CHION 2 x 1073
1 M Olj0H 2 x 1073
1 M CH3oN 2 x 1073
1 M CHyoH 2w 104
1 M CHyOoR 2 x10°3
0.25 N CHjon 2 x 103
1 M CHyoH 2 x 1073
1 K CHy01 2 x 1073
1 M HCHO 2 x 103
1 M CyoH 2 x 1073
1 M CHy01 or

1 M HCHO orr

1 M CH30M DIP

APPENDIX A-9

PERFORMANCE TESTS - SOLUSLE RHENIIM SYSTEMS

Polarlzstlon vs Theor. CHyOH at Indicated
ns/ cm

ocooo
T "

R
Nowe o

® eoovo o
[T IR

~
-

l...

Eroww
ouwdo

0.35
0.1

0.33

0.24

0.33

0.28

(*) Preclpitated from HaPtClp solutfon with cxcess NaBHg.
(*%) Mctals preclpitated separatels from HiPtClg and HAUCl, solutions resprctively with excess NalHg.

All runs In 3.7 M H350, at 82°C.
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0.32

0.41

0.3

0.3

0.53

ST
0.40 0.47
0.5% 0.62
0.45 0.48
0.46 0.50
0.33 0.59
0.48 0.58
0.51 .
0.40 0.8
0.51 0.56
0.49 0.5
0.48 0.52
0.52 0.5%
0.47 0.50
0.49 0.3}
0.48 0.52
0.3} 0.36
0.46 0.48
0.46 0.51
0.42 0.43
0.30 0.5
0.60 .o
0.38 0.73
0.40 0.48
0.49 0.56
0.5) 0.60
0.41 0.47
0.37 J03

0.08

0.12
0.08

0.09

0.07

¢.00

Comment s

Re207y conc
sStudy - same
clectrode

Also 4 x 10" M Hazhoo,

CH3OH conc
vsrlstion

Physlcal 30/50 mlx

0.5 M MyS04
0.25 M Ciyon

Re20; reduced overnight @
+0.15 vs R.H.L.

Purple sol'n of partlslly
oxldlzed ReO7

89 gme/f12 Pt

5 min dlp in Re207 - CHyOH-
H280,

Irreversible 10 ain
dip in Re20y - CH3OM - H2SO,
iC min 01p 1u Reg0) - OWYOH - 4,50,



APPENDIX B-1

HNO3 HALF-CELL

l_lﬁo; Luggin Salt Bridge
—
Driven Counter Electrode
Reference /
Electrode
Electrode Separator
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APPENDIX B-3

HALF-CELL ASSEMBLY FOR EVALUATION
OF DIRECT Oy ELECTRODE PERFORMANCES

A four inch diameter glass cell was used for performance tests. The Oj
electrodes, described in Phase 2, were in direct contact with a membrane separator
on one side and a gold current collector on the other. An end plate, held away
from the current collector by a 1.5 mm spacer, completed the cathode compartment.
The 02 feed entered through a hole in the end plate and exited through a slot in
the spacer. On the anode side, a Pt screen served as the driven counter electrode.
This assembly is illustrated in Figure B-1.

Figure B-1
Half-Cell Assembly For Evaluating Direct Oxygen Electrodes

Oxygen Electrode
Thermocouple Well

Current i
Collect
o or j :
Oxygen —_— {
1
‘:/ 52 Mesh Pt Screen Anode
b4
Oxygen ]
Compartment = _ 1
- ]
W [
} - Electrolyte Chamber
’_,.--1:
1
5
— H
Luggin ;
Capillary [
J — Membrane
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APPENDIX C-1

TOTAL CELL EQUIPMENT DETAILS

1. The new compact cell used in these tests was described in an earlier
report(l).

2. The coulometric timer was modified to provide addition of fuel or HNO
when the voltage drops from a preset level. The modification, shown in Appendix C-a.
consists of a 1 ohm resistor in series with the timer operating circuit from a
100 mv shunt in the fuel cell current circuit. A voltage drop is imposed across this
resistor by means of external direct current, so that the coulometric timer is on
about 1% of the time at 100% of the shunt reading and 407% of the time at zero
shunt reading.

3. An air feed rate controller was built to maintain the air rate propor-
tional to the fuel cell current. The controller operates off of the 100 mv Esterline
Angus shunt as shown schematically in Appendix C-3. A small current of 0.05 to
0.5 ma from the operating shunt, proportional to the fuel cell current, operates an
amplifier which controls a 0.5 to 5 ma pneumatic relay. The relay regulates its
output air pressure proportional to the cell current. Capillary tubes between the
pneumatic relay and cell are calibrated to control the ratio of air to current.
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APPENDIX C-2

MODIFICATION OF COULOMETRIC TIMER

FUEL
CELL
(3)
DIFICATION
g l MODIFIC
COULOMETRIC
TIMER

(1) 100 mv shunt, Esterline-Angus Co., Indianapolis, Ind.,
for use with model AW recording DC ammeter.

(2) Coulometric timer described in earlier report (l).
(3) The modification,made in the external circuit, con-
sisted of adding a 1 ohm resistor in series with

the signal circuit. A voltage drop is imposed across
this resistor by means of a DC source.
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APPENDIX C-3

AIR CONTROL SCHEMATIC.

il

/suum )
9 ¢
(2}
AMPLIFIER

——

FUEL

CELL

CAPILLARY 3) AR TH

AIR TO R 1 —
CELL PNEUMATIC

RELAY

(1) 100 mv shunt, Esterline-Angus Co., Ir' ..napolis, Ind.,
for use with model AW recording DC ammeter.

(2) DC amplifier, model A-12, Electro Instruments, Inc.,
San Diego, Cal.

(3) Pneumatic relay, Type 138R, 0.5-5.0 MADC input, air

supply 20 psig, air output 3-15 psig, Manning Maxwell
and Moore, Inc., Stratford, Conn.

87



o=

$110A (G 0 aavd 2@/t of ‘uojisziae(ad s3(on /0 2as9 Fwd/sw [n]

"P3A133Q0 SUOLIR[[]I80 AW g usyl ssa| ‘;wi vm O] O3 pIsEaidul ludiiny

1811
S7°€
0z0°0
7°1
[4:14
6$

890°0
L7
99
114

6711

19°8 6¢°69
8L°T 6167
020°0 --
0°1 --
€l 9892
€71 119
zL0°0
9°€ s
97 829
97 114
99°2 (190 ¢
€9¢ 0°S6L%
o€z Tenlie
€Ll 8°0891
€9¢ 0°92Z
0Lz L 94 XA
€€l [ 3474
1o 650
L0t 6%
€8 I8

0z S8
62°87
1st-o
1311
1€92
8t

680°0
7°l6
809
2t

961
0°1L87
178962
€°2091

0°901

| B 44
6°Lf
(») 19°C
0

Lz°t8
9°L2
s1'o
1-2s1
€652
6¢

060°0
0°06
96§
£l

95°1
0°5977
9°968Z
%7°8961

0-7l1
9l
7°9¢€

x) 09°0

29°0
6%

0z 18
00° L2
ost1-o0
[BFa 4
k4314

8s1

060°0
1-89
£8¢
114

9¢°1
015ty
0°6182
0-2¢5t

0°L2€
LAx 44
9-%701

29°0
99°0
6%

ruovieziasiod

{vwnn)

(ne)
s 06°0¢
00°$2 [ T34 ¥4
6Z1°C 911°0
- L°66
9687 9L22
oct o7
€60°0 €60°0
9°78 9-08
87§ [ X49
114 I4)
S 9
51 8s°l
0°%20% 0-Z18¢
9°9657 §°2872
LA ¥4t $68¢€1
0°21z 0°gtt
Lot €08
6°L9 L€
19°0 29°0
99°0 §9°0
oS oS
JUON = = = = = o o -

SIPO113I[2 UadmIaq WYBI1 f (oY1l

sliw ﬂn—Nv DJUQIISd [9-UD SOJuUdl

*sanoy [§ 103 para&sax pue YoslH % I Of ur
HOEHD % 19a [ ys213 yaya paou[dail pue @I1sAs wolj 23K[013ID3]3 pIAoCwWaY (xy)
*$Inoy ¢ £312A3 spuodds ¢ Furindayd uado paIaels (u)

- (wo1L2 s[}w g) ZWI/MIF1q 1d 3w g snid u2alds 34 ysow Og
- (12141 sqIw g) ZW/15%(q 1d ¥w g snid uaaids 34 ysow Z§

ot

o€l (»»2) ogot (=) 6201

08

6001

8210y 19npoaq pur paad ‘sdusmioilag [$53430213

08

186

- = = = - - (panuriued) ¢5-g19¢

08

606

08
198

$12C U0 IPO1IJA[2 1231udd snjd A1sydiiad punocis 1days 14 Ipj-

$8°89 Li°99 9L°09 1%°9¢ *0,92 © 40 ‘TH 1®I0L
S0° €T 6£°22 17°0Z 00°61 *0,9Z © 40 ‘0D 1eI0L
8it1-0 oztL'o 1€t-o 6L1°0 Iy /e ‘Tourylan [EB3IO0L
L°86 9°L6 9°L6 £°96 (*21e3) [w *TouBYy3Ial [EIOL
9€22 e 6961 9€81 fw ‘uny 303 TE3IOL
711 €s1 (183 119 1® ‘poriad iod
9Z 3B 2pOYy3IE) CH Wolj 23IESUIPUO)
$60°0 16070 Z01°0 8C1°0 Ay /e ‘oueylay [e30L
L6l 076l €°9¢ IR 73 (*21ed) 1w *[ouey3lan [elol
tis 86% 09 k%4 Tw ‘uny 103 [E3IOL
€1 8t 9z St 1@ ¢poraad 104
*0,9Z 1B apouy CQ) WO} SIESUIpUO)
Ly .- .- 13 1w ¢-utos 70STH %0€ dn adeW
8s°l :1 9 ¢ 6S°1 191 1y/1w ¢ [ouey3lan
0°769¢ 0°S8st 0°942¢€ 0°LS0¢ 1w ‘1e3ol
IR 43 %4 1°8622 6°L802 1°6€61 @ €133em
8-1zel 6°9821 1-8811 6111 1@ ¢ [oueylan
:ung 1o uolInjo§ paad
0°601 0°60¢€ 0612 0°96 1w ‘1e3ol
1°9¢ Z-o1e 887l 8°79 1w €i1ajeM
6° %€ 8°86 -0 e 18 ¢lourylak
:potaad Julang uorIn(os paadd
€970 29°0 €90 29°0 Burarnsayd uadg yars uoleziiElod SITOA
{9°0 {9°0 $9°0 979°0 Jua1in) 3JURISUOC) 3B UOTIe2liE|Od SI[OA
6% oS oS [+19 P A ¢£37suaq juaxan)d
L N S $3p01132]3J UdaA13q 23K1013II[3
R T - . - dueaquay
" e 4 e e e e - - - apouy
- e e e e e e e - - e o - apoyied
9l/€ X A21Y) 1000 = - - - - - - $103123[10) 3u3dian)
€8 [4:] 08 z8 9, ‘dway 1130
4%} £ls 797L £69 §anoH uny
® = ® s o = o & = - =« - - - - - 2aquny uny
fuoji1jpuo) uny

AQALS 3417 30041DTT3 TONVHIIR

%=D X1ON3ddV

88



60°0
20°0
6860

1°0
€z

$9°¢
(4180 ¢

6°7

8°0

L€

(A9}
L0°0
866°0

| ¥ AL]
$0°0
986°0

1190 woly
pasoway
£12391dwon

06°0

It

0°6
1
60°1
910°1

6201

o€l

i 98 4
<60
£€00°1

L9l

71°0
€0°0
LL6°0

6001

0°61

676
stz
%€0°1

0°01
71°0
€c-0
£€86°0

186
Tttt sttt - - (pPMUTIu0d) G5-819€

s 9l
8°11
09°¢
€501

o° Ll
%1°0
£0°0
2L6°0

606

9°s
oz°1
820°1

8L

60°0

20°0
986°0

198

06°0
89
z€

o1
o1t
Sl

611°1

08°0
€6°0
LLe

8I°1

00
1°6
86°1
850°1

60°0
20°0
L86°0

06°0
i°82

0L
0z°1

"0.9Z 1¥ S3ISXTIVNY NOILTIOS XQNIS 3411 300¥10313 TONVAIIR

%-0 X10N3ddv

€9
y1°0
€00
886°0

8°0
€62
szt
0zl

0°8l

L
[A3d !
L1o°1

o- Ll
€z-0

$0°0
%4670

1°62
0Tt
61°1

€69

{w 12303 ‘334d1oy3ed
1@ [e303 ¢a3L]ouy

:T190 WOy a|dwes 23A10335913

K3yrewzou “795ly
% 10A ‘lajepm
% 10A ¢louey3dy

:p3g 19nd

*o1ed % (oA ‘TouRY3Ial
% 10A‘1ouBy3IaN

% s YoslH
Aayremzou ogly
Tu/swd ¢A31suaq

$9poyie) CH wolj 23ESUapuO)

*31ED % [OA ‘TOUBYIIW
% TOA ‘loueY3Ian

% 708U
A3y1emou “70STH
Tu/swd “A37suag

:3pouy CQD woaj Ijesuapuod

“d1ed> % 10A ‘louBylal
% 104 ‘Touey3al

% wm70slH
A3yrewou ‘70sZH
1m/swd ¢A3¥suag

91410132373 234 104y3®€)

co1ed % 10A ‘lOUBYIIW
% 10A°‘1ouryldn

% Im “708ZTH
Karrewmou ‘70s%H
1w/sud “£3ysuaq

22403y 23410130913 I3s[ouy

sInoH uny
Jaquny uny

89



APPENDIX C-5

OVER-ALL MATERIAL AND ELECTROCHEMICAL BALANCES

For 1029 Hour Run 3618-55

Reactions:
Anode CH30H + HyO — €Oy + 6Ht + 6e”

Cathode  6H' + 66 ——>- 3H

Coulombs for run, 1029 hours @ 5.0 a@mps.ceceesserrroossoeenaceenons

Coulombic equivalent CH30H reacted.ccsieerrnrsicrnronnevnnnocsonnns

Carbon Balance

CH30H Fedetoeneneenenenonssnonseseosssoosnannnsasnnans
CO2 Produced. e eeeeeeeeeusnsnsnsossososeceeconnnnnnoss
CH3OH in Gas CondensatesS.eeseeeeecnsossecocnonnnnocenns
CH3OH in EXit GaseS:eeevuiueuennreronsoseseoceoonnnanes

TOLAl OUL e et eeeneueoetossroesoooenecanonosesennsonns

% Carbon Balance (OUL/IN)..u.eeeieeenneeneneeeenaeeosssseoaseennnnns
ceeeeeass 1,02

Mole Ratio Methanol Reacted/CO2 Produced...ceeeeeeeeeennssencoenans

Water Balance

H20 Fed........... teeeeeeeaa D T

H20 Equiv. of H2 Produced.......... O

H20 in Exhaust Gases..... et stesaeessesnneaens [P

Total Out...... itetei e teee ettt oo

% Water Balance (out/in)............. . EB.. O S
% Coulombs Equivalent to H2...... cieeipee R T SN o ol
% Coulombs Equivalent to COgveeviinnnniiiiiiaiannnans ceeenann ceieaes
Mole Ratio H/CO; Produced............... ..., Ceiiiiesenieaanns

Over-all Weight Balance:

CH30H Fedeversrnrinonnernneennnannanas cheeteiiaaas ves
H2O Fedeouronnninninninneeennnsnsennnnnnans ceseaaaas cee
Total InpUL. . cetieiiietetunsnsnenisensnneoeeaenananss

CH40H Unreacted......... et e ieeaa PPN ceae
H20 Unreacted.seeeieeennnnnnnns e eticceeiee it e
H2 Produced..... Ce e iet ettt i,
CO2 Produced..cvneiinrnnrnnnaneens cXE..H teeseasacaaaas

Total OULPUL . ss et tniteresusetonssassnnsnennenaans

7 Weight Balance (OUL/in) cuueteeeeteeeeeeeenennerenseeeeasnennennses

90

18.52 x 10°
32.0 gm moles

39.6 gm moles
31.8 gm moles
6.2 gm moles
0.6 gm moles

38.6 gm moles

ceeseess 97.5

181.3 gm moles
32.0 gm moles
151.5 gm moles

184.8 gm moles
........ 101.9
...... .. 100.0
..... . 99.4
3.02

1266 gms
3264 gms
4530 gms

216 gms
2735 gms

192 gms

1390 gms
4533 gms
........ 100.1



Feed Solution, ml

Gas, cu ft @ 26°C

APPENDIX C-6
FEED AND GAS RATES-RUN 3618-55

Figure C-1
Log Of Feed
5000 T T I T
Measured at 26°C
4000 |
3000 — Total Feed

2000

1000

(1] I.
0 - 200 400 600. 800 1000
Run Time, hours
Figure C-2
Log Of Gas Production
100 ==t | r
50 mnfcmz
80 82°C
i
w -
40
20 -
0| 1

0 200 400 600

Run Time, hours
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APPENDIX C-8

LOG_OF PROCEDURES
Run 3618-80

Startug

Cell was assembled, filled with 30 wt % H,80,, and heated to 70° C over-
night. Next morning the cell temperature was raise. to 82° C and started by
pumping 1 wt % HNO3 in 30 wt % Hy50, through the catho. -*e side and 2 vol %

CH30H in 30 wt % H2504 through the anolyte side. After about 20 minutes a voltage
response was observed permitting the cell to be put into current operation.

Operation During Hours 0-1.5

With once through pumping of anolyte and catholyte streams the current
was varied to determine performance. .

1.5 Hours
Recycle of anolyte at 320 ml/hour and catholyte at 620 ml/hour started

with methanol and HNO3 addition respectively. The methanol was added in a water
solution containing 69 vol % methanol or one to one mole ratio of methanol to
water. The nitric acid solution consisted of 66 vol % of concentrated nitric acid
(70 wt %) made up to 100 vol % with 30 wt% H2S04 solution. Addition was controlled
with the coulometric timer.

22 Hours

Current had dropped from 50 to 22 ma/cm? due to methanol deficiency. Per-
formance was restored by adding methanol to the recycle electrolyte equivalent to
about 0.6 vol %. Current interrupter was put in service opening circuit 1 minute
every hour.

40 Hours
Performance deteriorated because of HNO3 deficiency.
20 Hours

Performance restored by addition of HNO3 to recycle followed by opening
and closing circuit at about 2 minute intervals for about 40 minutes.

62-75 Hours

Performance was lost to about 8 ma/cm? due to deficiency of methanol.
Performance was again restored by methanol addition.

100 Hours
Performance was lost to about 20 ma/cm2 due to low methanol concentration.

To assure steady feed addition the coulometric timer was removed from the circuit.
The feed pumps were controlled at a constant rate by a conventional timer.
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124 Hours

Catholyte removed and fresh 2 wt 7 HNO3 in 30 wtZ HpSO, added. Perform-
ance deteriorated after 5 hours from about 35 to 6 ma/cmé.

149 Hours
Washed fresh 1 vol % methanol in 30 wt % H2S04 through anolyte section
until performance recovered. Anode polarization increased sharply after 3 hours
and continued so for 178 hours. The poor level of operation was apparently caused
by build up of HNO3 in the anolyte recycle.
179-181 Hours
The anode electrode was rejuvenated by washing with fresh 1 vol 7 methanol

in 30 % HySO4 at 82° C for several hours followed by evolution of hydrogen at the
cathode for 1 hour at 3 amperes.
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APPENDIX C-9 (CONT'D)

MATERTAL BALANCE DATA

TOTAL FUEL CELL STUDIES WITH CH30H AND ATR-HNO3 REDOX SYSTEMS

Run Number ... 3618-80 ~-cec-cenaa-
Test Period, hours 0-121 24-25 180.4-181
Average Current, amps 3.15 4.8 4.1

Total Coulombs 1,374,000 17,300 9,100

Coulombic Equivalent of:

CH30H Reacted, gm moles 2.37 0.0299 0.0157

HNO3 Reacted, gm moles 4.74 0.0598 0.0314

02 Reacted, gm moles 3.55 0.0448 0.0236
Feed Rates, stoichiometric ratio to current:

CH30H’ 3.38 2.66 1.56

HNO3 0.96 1.99 1.17

02 in Air 1.76 1.60 1.90
Oxygen Used, gm moles 3.55(%) 0.0500  0.0174
Oxygen Used, 7 of stoichiometric 100( ) 110 74
Equiv. HNO3 regen. by 02 used, gm moles 4.74(%) 0.0667 0.0232
% Conversion per Pass through Cell:

CH30H (coulombic) 29.6 37.5 64.0

HNO3 (coulombic) 104 50.2 85.3

02 in Air 56.8 (%) 69.5 38.8

CH30H (coulombic + chem) 58.0 58.9 93.5
HNO3 Regeneration Efficiency,

coulombs/coulomb equiv. of HNO3 consumed 1.04 (%) 1.73 2.16
CH30H Loss, 1bs/100 lbs reacted coulombically 96 (%) 57 46

(*) Calculated assuming 100% stoichiometric use of 02.
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Polarization, Volts

Cell Volts

Current, ma/ cm2

APPENDIX C-10

LOG OF ELECTRICAL PERFORMANCE RUN 3618-80
WITH CH30H AND AIR-HNO3 SYSTEMS

0.k Polarization
Volts Air-HNDy B
| Cathode
0.2 ¢ )
0l T (NN LIS |y I N | S |
0 40 80 120 160 200

Run Duration, hours

T T T ] T I T I T
Ex IR Cell Voltage

Run Duration, hours

I’—T T T ‘T' T T 1 T
Current Density
(Constant Resistance)

; |
80 120 160 200

Run Duration, hours

See Appendix C-10 for descriptive details
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APPENDIX C-12

FUEL CELL ASSEMBLY DATA

STUDIES WITH CH30H AND AIR-HNO3 REDOX SYSTEMS

Run Number 3618-124 3618-126
Anolyte Chamber, mils 225 225

Teflon Filler Back of
Current Collector, mils 2 5

Anode Gold Current Collector,

mils 18 18
Anode

Number of Screens 1 1

Mesh (Pt-Rh) 80 80

Pt Black, mgs/cm2 8 8

Thickness, mils 6 6
Teflon Spacer for Gas Release,

mils None 20

Membrane Between Electrodes

Type C-313% C-313%

Thickness, mils 5.6 5.6
Teflon Spacer for Gas Release,

mils None 20
Cathode

Number of Screens " 1 1

Mesh (Pt-Rh) 80 80

Pt Black, mgs/cm2 8 8

Thickness, mils 6 6
Cathode Gold Current Collector, mils 18 18
Teflon Filler Back of Current

Collector, mils 2 5
Catholyte Chamber, mils 225 225
Cell Electrode Dimensions, inches 4 x4 4 x4

* AMFion C-313 cation membrane.
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APPENDIX C-21

MATERIAL BALANCE DATA

TOTAL FUEL CELL STUDIES WITH CH30H AND AIR-HNO3 REDOX SYSTEMS

Run Number

Run Length, hours
Run Part

Test Period, minutes
Average Current, amps
Total Coulombs

Coulombic Equivalent of:

CH30H Reacted, gm moles
HNO3 Reacted, gm moles
02 Reacted, gm moles

Feed Rates, Stoichiometric Ratio to Current:

CH30H
HNO4g
02 in Air

Oxygen Used, gm moles
Oxygen Used, 7% of stoichiometric
Equiv. HNO3j Regen. by 02 Used, gm moles

% Conversion per Pass through Cell:

CH30H (coulombic)

HNO3 (coulombic)

02 in Air

CH30H (coulombic + chem)

HNO3 Regeneration Efficiency,
coulombs/coulomb cquiv. of HNO3 consumed

CH30H Loss, 1bs/100 1bs reacted coulombically

110

135

15,370

0.0266
0.0532
0.0399

59.2
17.1
25.8
96.8

2.84

37.6

3618-120 ----

6.5

B

76
1.9
8,650

0.0149
0.0298
0.0224

1.70
5.84
2.04

0.0251
109.5
0.0333

58.8
17.1
55.0
98.2

3.77

0.0277
0.0554
0.0415

1.30
5.72
2.04

0.0432

104.3
0.0570

16.4

oy pownmie |
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Figure C-3

CH,0H- HNO4 Cell
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APPENDIX C-24

DIRECT METHANOL-OXYGEN TOTAL CELL ASSEMBLY
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APPENDIX C98

MECHANISM OF WATER REMOVAL FROM THE
AIR ELECTRODE SURFACE

The rates of water and heat removal are two closely interconnected
variableg since water removal is a primary mode of heat loss from the fuel cell
system. Thus, the water evaporated at the air electrode determines the mean air
electrode temperature and consequently the cell efficiency.

Water arrives at the air electrode surface in a number of ways -scepage,
diffusion, electrochemical oxidation, water of hydration, etc. Consequently, it
was assumed in this analysis that the net water flux through the electrode-membrane
system is sufficient to produce a wet electrode surface. That is, the diffusion
of water through the barrier membrane is not controlling. The proposed model for
this forced convection mass transfer problem is illustrated below.

FORCED CONVECTION MASS TRANSPORT MODEL

BARRIER v, xdx
MEMBRAN

m

.
y/! : by

Az
NWX
ELECTROLYTE —p | N .
chamBER N\ 9K wx (N +3 wx,
, -] Wi
\\“‘\é = ax
a@;".\:{
-\\\\ i d wz
o sz *
NN 2 dz
ngﬁjf
NN £ 2=
WET [ x=0 B
ELECTRODE X =

N;, = MOLAR FLUX OF WATER WITH RESPECT TO A FIXED AXIS
9 MoLE/cM2 sEC.

w = WATER a = AIR
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APPENDIX C-28 (CONT'D)

In this model,air (containing Xj moles of water/moleof gas) enters at z=o with a
velocity V,(x) and diffuses towards the electrode; water diffuses from the wet
electrode surface into the air stream. As a consequence of the previous assumption,
the equilibrium moisture content of the electrode is high enough so that molecular
forces do not come into play. Furthermore, it is assumed that the diffusion of
water into the gas stream does not change the velocity profile in either the x or z
directions. This is not strictly true since the molar flux of water in the positive
x direction is greater than the molar flux of oxygen towards the electrode. The
effect of this increased velocity has not been included in the calculation directly.
However, a mean value of the velocity has been used in the final calculations. The
error introduced by using this mean velocity is less than 57 at air rates above six
times stoichiometric, increasing to about 25% at the stoichiometric air rate.

The first step in attaining this solution is to obtain the velocity nro-
file V;(x). This of course can be obtained from the Reynolds equation if one
assumes the gas density p(z) 1is close to p,the gas density at the mean temperature.
However, when the resultant equation

, B [ fx)\2
\I (x) 2“|, “_l - (F) ]

is introduced into the mass transfer equations, the resultant differential equations
are not readily solved. Therefore, it was assumed that the air stream behaves as
an inviscid fluid, that is we have a plug flow velocity distribution

o\,

oz .

This assumption is valid to the same degree of approximation as the assumption of
a z mean velocity discussed previously.

A water balance over the volume element

Wz Ay, yields

Ny Ny 0\'“‘- 0
= g ==
ax e dy )

but N, =0 so that the equation of conservation of mass is simply

MNux Nz 0
il i
ox oz (}ﬂ)
The molar fluxes (Nyyand \wy) with respect to a space fixed coordinate system are

For x
ax ,
\\\\ - Ch— = M Ny v Ny
ox (2)
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APPENDIX C-28 (CONT'D)

For z
. N '
\wz - CDF + '\w(:\wz + f\uz) (3)
where
Nw =Molar flux of water ;OICS
cm” sec
N =Molar flux of dry gas —mnoles
cm” sec

Xw = Mole fraction of water
D = Mean diffusivity of water through air :2c
C = Molar density —moles
cm
Nw
Next it was assumed that all transport in the z direction is due to flow Ll& =0
dz

while transport in the x direction is solely due to diffusion, that is Vx = 0. How-
ever, this approximation does not assume equimolar counter diffusion. Rather, any
increase in the total number of moles in a volume element A x A » A y results in an
increase V, since the pressure is assumed to remain constant. In any event, the
net flux in the x direction is small compared to the total flux in the 2z direction.

Applying these assumptions,

A
Mav = €D e (%)
\\\I (:\\ \77

(5)

Substituting equations (4) and (5) in (la) and recalling that X, = C,/C we obtain

\ '7-\\\' 4724‘\\‘
! oz Ax2 (6)

Equation (6) is a classical differential equation occurring frequently in heat, mass,
and momentum transport problems. The solution being of the form

X
D) ¥, where 7)

Awi
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APPENDIX C-28  (CONT'D)

n XW 4 v 4D,"\'22

Xwi = Inlet Molar Humidity

Assuming this solution we obtain

Awi

\ 2
® )= le oy G ®)

Inserting the boundary conditions

zgo  o<x<B o Ny =Xy op-m é(p) -1

21l x-o Xw=X* -0 & () \—

we obtain

Nw-\® ( X
—_— er ‘ ,
\;- N+ \/-”),A\'zl 9)

where erf denotes the probability integral and X,* is the molar humidity at the
air-electrode interface. The value of Xy* is determined from the vapor pressure
of water over the sulfuric acid water solution existent at the interface at 2 = L,
For this calculation this was assumed to be 30% sulfuric acid.

Next the mean molar humidity of the air leaving the air electrode chamber
(XL) was determined by applying the mean value theorem, remembering that the error
function can be expandedas a series. For small values of the argument, this yields

0=

\1,’." “'\'/,
Ni-\¢ 4=DI, (10)

, r D el ‘--,

Xy i [1;2\, f

v x100% (2 —L o0 (10a)
W V ,_J
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APPENDIX C- 28 (CONT'D)

In most cases, the nature of -%i may be neglected.
| *

Equation (10a) can now be used to estimate the exit gas humidity as a
function of air rate and cell geometry. This equation indicates that the percent
saturation (for a given air rate, AR) decreases as the square root of the cell
thickness (B). Since the water evaporated is a prime source of heat loss, some
compromise between cell thickness (B) and regenerative heat exchanger volume may
be necessary.

TABLE C-1

HUMIDITY AIR RATE CURVES FOR
VARIOUS CURRENT DENSITIES
(Air Chamber Size 0.068 inches)

X
Air Rate Fraction Accomplished Humidity Change = X *
A\ = Actual Air =
"R " Stoich. Air 18.5 ma/cm? 37 ma/cm? S5 ma/cm?
1 0.990 0.985 0.982
2 0.980 0.970 0.963
4 0.969 0.955 0.945
6 0.958 0.940 0.927
10 0.943 0.920 0.895
20 0.922 0.890 0.865
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APPENDIX C- 29

HEAT LOSSES FROM A PLANAR
ELECTRODE-MATHEMATICAL ANALYSIS

The heat generated in the electrodes is dissipated by evaporation of
water and conduction to the air and electrolyte streams. As indicated earlier,
by far the largest heat loss is due to evaporation of water from the air electrode
surface.

To solve this problem mathematically, it was necessary to select condi-
tions at the electrode surface. It was assumed that the electrode temperature can-
not vary markedly in the z direction because it is a good conductor. At the same
time the gas stream is entering at a low temperature and leaving at a much higher
one. Since the electrolyte temperature generally controls the temperature of the
electrode, it was also assumed that the z dependence of electrode temperature is
small enough so that the electrode is releasing heat at a constant rate per unit

area (q = % )

Using a model similar to the mass transport model (Appendix C-28) and
remembering that both air and electrolyte are in laminar flow, it is seen that
under steady state conditions,

‘e sk (1)
(convective) (conductive)

where # = density, Cp is the specific heat,and k is the thermal conductivity.
Equation (1) assumes (as in the mass transport case) that heat is transported in the
x direction only through conduction, while in the z direction heat is transferred
solely by convection. A solution for this differential equation with the electrode
at x = L and the boundary conditions

can be found in Carslaw & Jaeger(é)

1
29 [‘ . rl'(zn.l)(l.-xﬂ ‘Vun ilix) | ]
¢

a2 i L
I'-T, v at Z ier o i erfc | ova (2)
n o L J L
where
ierfox —e™ Ly [ 1-erfx], and
Vi
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APPENDIX C- 29 (CONT'D)

t =

<

+ A solution similar to equation 10 can also be found for this case with the

axis(x= 0) at the electrode.

‘ A

T-To - ki(nai) b2 l—rrfc ’(T? ]

L Nat 4 (3)
Although this writer's equation (3) is simpler to evaluate, equation (2) was used in
the analysis since (T-To) values have already been tabulated by Carslaw and Jaeger.
To arrive at the air electrode solution one more assumption is required concerning the
value which should be assigned to the q transmitted to the air stream via conduction.
.1t was assumed that the heat transfer to the "vaporizing film" of water on the elec-
trode is high and hence not controlling. Therefore the net q. available for conduc-
tion to the air is given by

q =4 (q ).

c t 9

+
vap electrolyte

- Some typical air temperature profiles are shown in Appendix Figures ©[-4
and C-5. The calculations illustrate the temperature profiles for a cell operating
at 40.37% efficiency and 37 @£!Lm3 having the geometry comparable to the proposed
fuel cell. Appendix Figure C-4 indicatos that the vertical temperature profile at
the air electrode is almost linearly dependent on z/L. Thus, the mean air electrode
temperature can be evaluated as the arithmetic average at the inlet and outlet con-
ditions, Furthermore, an examination of the x dependence of temperature (Appendix
Figure C- 5 ) indicated that the profile is rather shallew (dropping onlyv 2°C.
across the entire cross section). This fact allows us to substitute a simple
material balance for this rather complex heat exchange problem.,

Figure C-4
2" Temperature Profile
1.0
| I
0.8 .
-
S~
N
& 0.6l -
=
L
-
w
=
= 0.4 Efficiency = 40.37 3
© Ta= 25%"C
g Current Density = 37 ma/cm?
< 0.2 B = 0.068 inches
0 | l I |

20 40 60 80

Mean Exit Gas Tempcrature, °C
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Temperature,

moles Of Water Removed
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moles Of Water Generated
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"~

Figure C-5
"nen

x"" Temperature Profile

I I 1

AR =10, z=1
Current Density = 37 ma/cm? —
B = 0.068 inches

= | = | I
-2 4 .6 .8

Dimensionless x Distance, x/B

Figure C-6

Effect Of Ambient Temperature On Water Removal And Recovery

Water Removed From Ay = 10
r 37 ma/em2, 0.5 volts |
507 Relative Humidity
m”#ﬂ' B
Water Recoverable
! (Ambicent Air Condenscr
| Driving Force= 6°C ) ]

1 __L__J_J

-60 -40 -20 0 20 40 60 80 100 120

Inlet Air Temperature, °C
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APPENDIX C- 29 (CONT'D)

Earlier in this analysis the assumption was made that the electrode pro-
duces heat at a constant rate per unit area, that is the electrode temperature does
mt vary greatly in the z direction. Since the electrode temperature is primarily
controlled by the electrolyte, we are now in a position to cheek the validity of
this assumption. This can be accomplished by applying equation (2) to the fuel
electrode chamber. The results of this analysis are tabulated in Tables €-2 and T-3,
for a number of cases in which the reservoir heat loss varied from 0-15% of the
total heat generated.

TABLE C-2

EFFECT OF HEAT LOSS IN RESERVOIR
ON ELECTROLYTE TEMPERATURE
Electrolyte Temperature Rise
°C__As Calculated By

Inlet Outlet Heat Transfer Energy Balance
% of Heat Generated) Temp, °C_ | Temp, °c | To Electrolyle| On Reservoir
0 80.7 83.3 2.55 2.60
1 80.5 83.6 3.04 3.10
5 80.0 84.0 3.95 4.00
10 79.3 84.7 5.37 5.50
15 78.5 85.5 6.95 7.00
TABLE C- 3
EFFECT OF HEAT LOSS ON EXIT GAS
TEMPERATURE AND WATER REMOVAL
(Ag = 10, 37 ma/em2, 0.5 voles)
Water Removal Ratio
AW Exit Gas
% Heat Loss WG Temperature,°C
0 4.6 58
5 4.5 57
10 4.1 56
15 3.5 54
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APPENDIX C-32
CONSTANT CURRENT DRIVERS

Two models of constant current power line operated power supplies were
designed and constructed for use in fuel cell testing.

Model I shown in Figure C-7 provides continuously adjustable current from
0.1 ma to 3.0 amps in 5 ranges. An internal meter providing 27 accuracy has full
scale readings of 1 ma, 10 ma, 100 ma, 1 amp , and 3 amps. 1% regulation is ob-
tained with the transistorized circuit for changes of 207 in line voltage and up to
6 volts change in the external cell circuit.

Model 2 shown in Figure C-8 provides preset current values from 10'5 t
10 amperes. Present values are available on 6 ranges with 10 steps ou each range.
Preset accuracy is better than 1.0% as shown in Table C-4 . Line voltage changes
of 207 and external cell voltage changes up to 8 volts cause less than 0.2% error
in the preset current values.

o]

TABLE C-4
MODEL 2 CONSTANT CURRENT DRIVER CALIBRATION

Dial Settings Measured Current
Decade Multiplier Amperes
107 1 1.0l x 10'?
10/ 10 0.1 x 107}
10_, 1 1996 x 107,
10_, 10 10.01 x 1073
10”3 1 :997 x 1073
10_7 10 10.03 «x 10_2
107, 1 :998 x 10_;
107 10 10.02 x 1077
107, 1 1.00 x 107,
10 10 10.01 x 10

1 1 .998

1, 10 9.91 o
107, 1 1.00 x 107
107, 2 2.00 x 107,
10_1 3 2.98 x 10
10_, 4 4.00 .
107, 5 5.00 x 10
107, 6 6.00 -
107, 7 7.02 x 10
10_1 8 8.02 «x -1
107, 9 9.0l x 107,
10 10 10.01 x 10
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APPENDIX C-33

VOLTAGE MONITOR AND SHUTDOWN DEVICE

As a protection against high electrode polarization conditions during
This consists

long term runs, a voltage monitor and shutdown has been developed.
of a high impedance vacuum tube voltmeter and relay system as shown in Figure C-9.
Polarization voltages exceeding the preset level on the relay meter shutdown and

lockout the primary electrical power system.
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